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High  Performance  MWIR  HgCdTe  on  Si  Substrate  Focal  Plane  Array  Development 

R.  Bommena\  S.  Ketharanathan\  P.S.  Wijewarnasuriya^,  N.K.  Dhar^, 

R.  Kodama\  J.  Zhao\  C.  Buurma\  J.D.  Bergeson\  F.  Aqariden\  S.  Velicu^ 

^EPIR  Technologies,  Inc.,  Bolingbrook,  Illinois 
^Army  Research  Laboratory,  Adelphi,  Maryland 
^DARPA  MTO,  Arlington,  Virginia 

Abstract 

We  report  the  develop  ment  of  low  noise  equivale  nt  difference  t  emperature  (NEDT),  high  operabilit  y 
midwave  infrared  (MWIR)  focal  plane  arrays  (FPAs)  fabricated  from  molecular  beam  epitaxial  (MBE)- 
grown  HgCdTe  on  Si-based  substrates.  High  quality  n-type  MWIR  HgCdTe  (cutoff  wavelength  -4.90  pm 
at  77  K,  carrier  concentration  1.0  5x10^^  cm'^)  layers  were  grown  on  CdTe/Si  substrates  by  MBE.  High 
degrees  of  uniformity  in  composition  and  thickness  over  3-inch  areas  (Figure  1)  were  demonstrated,  and 
low  surface  defect  densities  (voids -5x10  ^  cm'^,  micro-defects  -5x10^  cm'^)  and  etch  pit  densit  y 
(-3.5x10^  cm'^)  were  measured.  This  material  was  used  to  fabricate  320  x  256  format,  30  pm  pitch  FPAs 
with  a  planar  device  archit  ecture^  using  arsenic  implantation  to  achieve  p-type  doping.  Radiometric  and 
noise  characterization  were  perform  ed.  A  low  NEDT  of  13.8  mK  at  100  K  for  a  1  ms  integration  time 
with  f#2  optics  was  measured.  The  dark  current  operability  was  99.85%  (Figure  2)  and  the  noise 
operability  was  99.4%  (Figure  3),  with  a  mean  dark  current  of  4.97x10'^^  A/pixel  and  a  mean  dark  current 
noise  of  8.14x10'^^  A/pixel  at  120  K.  High  qualit  y  thermal  imaging  was  obtained  from  the  FPA  (Figure 
4).  Temperature-dependent  NEDT  characterization  is  underway  and  will  be  reported. 

Presenter:  Ramana  Bommena,  rbommena@epir.com,  630-771-0203  (phone),  630-771-0204  (fax) 

EPIR  Technologies,  Inc.,  590  Territorial  Drive,  Bolingbrook,  IE  60440 
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Figure  1:  (left)  FTIR  m  ap  of  Cd  composition  of  MWIR  HgCdTe  grown  by  MBE  on  a  3  -inch  CdTe/Si  substrate, 
(right)  Thickness  map  of  a  MWIR  HgCdTe  on  CdTe/Si  sample. 


Figure  2:  Dark  current  distribution  at  120  K  of  a  320  x  256  format,  30  pm  pitch  MWIR  FPA  fabricated  from  MBE- 
grown  HgCdTe  on  CdTe/Si. 
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Figure  3:  Dark  current  noise  distribution  at  120  K  of  a  320  x  256  format,  30  pm  pitch  MWIR  FPA  fabricated  from 
MBE-grown  HgCdTe  on  CdTe/Si. 
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Figure  4:  Thermal  image  taken  with  a  MWIR  HgCdTe  on  CdTe/Si  FPA  at  a  100  K  operating  temperature. 


214 


Latest  developments  in  long  and  very  long  wavelength  infrared  detection 

with  p-on-n  HgCdTe 

N.  Baie/*,  C.  Cervera**,  O.  Gravrand**,  L.  Mollard**,  G.  Destefanis'^,  G.  Bourgeois'*,  J.P. 

Zanatta**,  O.  Boulade'*,  V.  Moreau'* 

^CEA-LETl  MINATEC,  F38054  Grenoble- France; 

^CEA-IRFU,  Orme  des  Merisiers,  91191  Gif-sur-Yvette  -  France; 
nicolas.baier@cea.fr,  phone:  +33  (0)4  38  78  93  21,  fax:  +33  (0)4  38  78  51  67 

This  paper  presents  recent  developments  done  at  CEA-LETI  Infrared  Laboratory  on 

processing  and  characterization  of  p-on-n  HgCdTe  planar  infrared  focal  plane  arrays  (FPAs) 

in  LWIR  and  VLWIR  spectral  bands.  These  FPAs  have  been  grown  using  liquid  phase 

epitaxy  (LPE)  on  a  lattice  matched  CdZnTe  substrate  and  processed  with  p-on-n  technology 

developed  since  2005  in  the  scope  of  the  DEFIR  joint  laboratory  between  CEA-LETI  and 

SOFRADIR^*^'^^^.  This  technology  presents  lower  dark  current  and  lower  serial  resistance  in 

comparison  with  n-on-p  architecture  and  is  well  adapted  for  low  flux  detection  or  high 

operating  temperature.  This  architecture  has  been  evaluated  for  space  applications  in  LWIR 

and  VLWIR  spectral  bands  with  cutoff  wavelengths  from  10pm  up  to  15  pm  at  78K^^^. 

Innovations  have  been  introduced  to  the  technological  process  to  lower  dark  current  at  low 

temperature.  This  has  been  performed  by  decreasing  the  transition  temperature  from  diffusion 

limited  to  generation-recombination  limited  dark  current.  Other  developments  tend  to  improve 

the  modulation  transfer  function  (MTF).  Large  diffusion  length  which  characterizes  low 

doped  n-type  HgCdTe  affect  MTF,  as  optical  cross-talk  between  pixels  may  be  important.  An 

evolution  of  the  process  has  been  brought  to  lower  this  cross-talk  to  improve  MTF.  Electro- 

optical  characterizations  on  p-on-n  photodiodes  have  been  performed  on  test  arrays  and  on 

half-VGA  format  FPAs  with  25pm  and  30pm  pixel  pitches.  Results  show  excellent 

operabilities  in  current  and  responsivity,  with  low  dispersion  and  noise  limited  by  current 

shotnoise.  Dark  current  densities  follow  the  heuristic  prediction  law  "Rule07"'^"'^.  Part  of  these 

studies  has  been  funded  by  French  National  Space  Studies  Center  (CNES). 
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Fig.  1.  Dark  current  density  vs.  lOOO/(TxXc)  measured  on  various  LPE  p-on-n  HgCdTe  FPAs  manufactured  at 
CEA-LETI,  in  comparison  with  the  heuristic  "RuleO?"  law. 
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COMPLEX  BEHAVIOUR  OF  TIME  RESPONSE  OF  HgCdTe  HOT  PHOTODETECTORS 
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Abstract:  In  this  paper  we  report  on  time  response  of  near  room  temperature  (HOT)  fast  LWIR 
(8-14  pm  long  cutoff  wavelength)  photodetectors,  based  on  MO VPE -grown  HgCdTe.  Time  constants  in 
100  ps-100  ns  range  are  observed  in  the  time  response  of  some  devices.  Mechanisms  of  the  origin  of  fast 
and  slow  components  are  simulated  and  discussed. 

Keywords:  HgCdTe,  mid-infrared,  LWIR,  photo-detectors,  room  temperature,  HOT 

1.  Introduction 

Wideband  (~1  GHz  or  higher)  and  sensitive  detection  in  2-14  pm  spectral  range  is  demanded  for 
numerous  important  applications,  including  various  forms  of  laser  spectroscopy,  plasma  diagnosis  and 
particle  physics.  Moreover,  HOT  operation  is  often  preferred  due  to  inconvenience  and  cost  associated 
with  cryogenic  cooling.  Recent  considerations  of  the  fundamental  mechanisms  suggest  that,  in  principle, 
near  perfect  detection  can  be  achieved  without  cryogenic  cooling  k 

2.  Mechanisms  of  fast  response 

Fast  detector  response  can  be  achieved  in  two  different  ways:^’^ 

•  fast  recombination  of  optically  generated  carriers  in  material  with  short  lifetime  of  carriers,  e.g.  in 

wideband  photoresistors  with  highly  doped  narrow  bandgap  HgCdTe  absorber; 

•  fast  transport,  diffusion  or  drift,  of  optically  generated  carriers  to  contacts. 

The  use  of  material  with  a  short  recombination  time  entails  large  generation -recombination  noise. 
Therefore,  fast  carrier  collection  devices  are  preferable,  e.g.  wideband  photodiodes.®’^ 
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Time  response  is  also  affected  by  parasitic  impedances,  such  as  device  capacitance  and  series 
resistance.^ 

3.  HOT  detector  design 

Fig.l  shows  schematic  cross-sections  of  3  types  od  wideband,  highly  sensitive  LWIR  detectors:^ 
a  modified  PIN  photodiode,  photoconductor  and  a  cascade  photovoltaic  device  -  consisting  of  multiple 
small  volume  photovoltaic  cells  connected  in  series. 

According  to  a  HOT  detector  concept  developed  over  the  last  two  decades  at  Vigo,  ^  the  detectors  are 
equipped  with  the  following  elements:  immersion  microlense  -  infrared  (IR)  concentrator,  monolithically 
integrated  with  detection  structure,  IR  retroreflector  so  as  to  further  enhance  IR  absorption  and  shield 
against  background  radiation,  IR  p-type  absorber  with  bandgap,  composition  and  thickness  optimized  for 
the  best  compromise  between  efficient  use  of  IR  (absorption,  collection  of  optically  generated  carriers) 
and  low  thermal  generation,  graded  bandgap  absorber  interfaces  and  wide  gap  heavily  doped  contacts  to 
suppress  thermal  generation  and  minimize  parasitic  impedances.  The  p-type  HgCdTe  alloy  is  a  material  of 
choice  for  the  fast  response  devices.^ 

4.  Time  response 

The  time  response  measurements  have  been  carried  out  using  an  optical  parametric  oscillator  (OPO) 
as  a  source  of  short  (~25  ps)  pulses  of  radiation,  tunable  in  a  wide  spectral  range  from  UV  to  16  pm,  and 
quantum  cascade  lasers  (QCL)  producing  longer  (4-100  ns)  pulses.  The  detectors  were  coupled  to 
microwave  preamplifiers  (e.g.  Mini-Circuits  ERA-3+)  integrated  with  detector  bias  circuit  and  matched 
to  detector.  50  ohm  preamplifier  output  was  connected  to  50  ohm  input  of  a  scope.  The  scopes  featured  up 
to  8  GHz  bandwidth,  40  GS/s  single-shot  sample  rate  and  <9  ps  rise  time. 

PIN  photodiodes:  Reverse  bias  and  cooling  improve  the  time  response.  The  near  exponential  signal 
decay  was  observed  of  <150  ps  time  constant,  using  the  reverse  biased  devices  with  8  pm  cut-off 
wavelength,  a  4-stage  Peltier  cooler  and  the  pulse  from  OPO  (fig.  2  a).  Fig.  2  b  shows  their  response  time 
limited  by  QCL  pulser  at  excitation  by  10  to  50  ns  pulses  of  the  focused  beam  from  QCL.  However, 
the  significant  long  time  constant  (~19  ns)  component  appeared  when  moving  the  focal  point  of  the  QCL 
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beam  outside  of  detector  optical  sensitive  area  (fig.  2c).  A  distinct  peak  before  signal  decay,  which  always 
occurs,  is  a  characteristic  of  QCL. 

Photoconductors:  The  near  exponential  signal  decay  was  obtained  in  300-200  K  (fig.  3).  Time 
constants  ~0.6  ns  were  obtained  for  the  uncooled  devices  having  11  pm  cut-off  wavelength.^’^  Time 
constant  increases  few  times  with  cooling  and  depends  on  composition  and  doping  of  absorber  material. 

Cascade  photodiodes:  At  0  V  bias,  the  near  exponential  signal  decay  was  obtained  of  0.5  ns  time 
constant  with  the  uncooled  devices  characterized  by  12.5  pm  cut-off  wavelength  at  293  K  (fig.4  a).  Two 
time  constants  of  0.16  ns  and  2.6  ns  were  visible  in  some  cooled  devices  at  190-200  K  (fig.4  b).  There 
were  no  significant  changes  of  the  time  response  with  reverse  bias. 


5.  Figures 


Fig.  1:  Schematic  cross-sections  of  wideband  HgCdTe  HOT  immersed  devices:  a  -  modified  PIN  photodiode, 
b  -  photoconductor,  c  -  cascade  photodiode.  References:  1  -  IR  p-type  absorber,  2  -  -  anode, 

3  -  -  cathode,  4  -  passivation,  5  -  contact  pads,  6  -  GaAs  immersion  microlense,  7  -  IR  reflector. 


Fig.  2:  Time  response  of  reverse  biased  PIN  photodiode:  a  -  in  parallel  beam  from  OPO,  b  -  in  focal  point  of 
QCL  beam,  c  -  outside  the  focal  point  of  the  QCL  beam. 
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Fig.  3:  Photoconductors  signal  decays:  a  -  in  focal  point  of  QCL  beam,  b  -  in  parallel  beam  from  OPO. 


Fig.  4:  Time  response  of  cascade  photodiode  in  a  parallel  beam  from  OPO. 
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Abstract:  The  effect  of  dislocation  on  the  1/f  noise  current  in  long-wayelength  (LWIR)  HgCdTe  photodiodes 
working  at  T=  77K  was  analyzed  theoretically  by  using  phenomenological  model  of  dislocations  as  an  additional 
SHR  generation-recombination  (G-R)  channel  in  heterostructure.  Numerical  analysis  was  inyolyed  to  solye  the 
set  of  transport  equations  to  find  steady  state  yalues  of  physical  parameters  of  the  heterostructure.  Next  the 
set  of  transport  equation  for  fluctuations  (TEFF)  were  formulated  and  solyed  to  obtain  spectral  densities  (SD) 
of  fluctuations  of  electrical  potential,  quasi-Fermi  leyels  and  temperature.  The  expressions  for  SD  of  1/f 
fluctuations  of  G-R  processes  were  deriyed.  The  SD  of  mobility  fluctuations,  shot  G-R  noise  and  thermal  noise 
were  also  taken  into  account  in  TEFF.  Numerical  yalues  of  SD  of  noise  current  were  compared  with 
experimental  results  of  Johnson  at  al.  Theoretical  analysis  has  shown  that  despite  the  fact  that  dislocations 
increase  the  1/f  G-R  noise  the  main  cause  of  1/f  current  noise  in  LWIR  LN  photodiodes  are  1/f  fluctuations  of 
carriers  mobility.  Dislocations  cause  the  growth  of  G-R  dark  current  and  in  this  way  the  growth  of  noise 
current,  which  is  always  proportional  to  the  total  diode  current. 

1.  INTRODUCTION 

The  minimum  radiant  power  that  can  be  detected  by  any  detector  is  limited  by  some  form  of  noise.  The 
fundamental  types  of  internal  noise  are  Johnson  (sometimes  called  thermal)  noise,  generation-recombination 
(G-R)  noise,  and  1/f  noise  \  At  present,  due  to  the  deyelopment  of  MBE  and  MOCVD  technology  in 
manufacturing  of  MCT  heterostructures,  as  well  as  the  theories  of  fluctuation  phenomena,  we  try  to  find  the 
ways  to  limit  G-R  noise  without  LN  cooling  of  detectors.  Two  examples  of  such  solutions  are  small  area  non- 
cooled  2-11  pm  IR  photoyoltaic  detectors  optically  immersed  ^  or  a  method  proposed  by  British  scientists^'^ 
which  is  based  on  the  non  equilibrium  mode  of  operation.  Howeyer  one  of  the  main  issues  in  MCT 
heterostructures  are  misfit  dislocations,  which  strongly  influence  on  decreasing  of  the  detector  performance^' 
^.In  8  we  presented  and  discussed  model  of  dislocation  band  formed  by  the  dangling  bonds  of  atoms  of  a 
dislocation  core.  In  addition  to  the  fact  that  dislocations  strongly  influencing  G-R  rates  in  deyices,  they  are 
also  sources  of  the  shot  noise  and  1/f  noise.  The  mechanism  of  the  shot  noise  is  well  understood,  but  there  are 
different  yiews  on  the  origin  of  1/f  noise  In  our  opinion,  the  most  simple  and  reasonable  is  howeyer  a  model 
based  on  Handel's  theory^  confirmed  by  the  measurements  of  Hooge's  parameters  of  1/f  noise  in 
electronics  deyices^°'^\  The  basic  concept  of  his  theory  is  that  "moderated"  electrons  emit  photons  with  a  1/f 
spectrum  of  their  energy.  These  emitted  photons  interact  back  with  other  electrons  producing  current  1/f 
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noise.  The  photon-electron  interaction  is  described  by  the  energy  law.  Electron  is  moderated  (or  accelerated) 
in  G-R  events  as  well  as  in  scattering  events.  This  is  why  both,  fluctuations  of  G-R  rates  and  mobility 
fluctuations,  seems  to  be  the  main  reason  of  the  1/f  noise  in  devices  (see  Fig.l). 

2.  METHOD  OF  ANALYSIS  AND  RESULTS  OF  CALCULATIONS 

To  explain  why  dislocations  lead  to  the  growth  of  the  1/f  noise  we  have  developed  the  model  of  dislocations  to 
obtain,  first  expressions  for  for  1/f  noise,  and  then  to  derive  the  spectral  densities  of  fluctuations  of 
effective  G-R  rates.  Next  we  have  applied  our  numerical  program  enabling  modeling  of  fluctuation  phenomena 
in  devices  by  using  the  Langevine-like  method  to  solve  the  set  of  TEFF^^.  In  TEFF  all  physical  quantities  are 
expanded  in  the  Taylor  series  around  their  steady  state  values,  e.g.  electron  concentration  n(f,  t)  =  no(r)  + 
6n(f,  t).  Here  we  treat  6n(r,  t)  as  a  fluctuation  of  n.  On  the  other  hand  the  fluctuation  of  n  may  be  expressed 
by: 


^  dn(r,  t)  _  dn(r,  t)  ^  dn(f,  t) 

0  =  ^777^-4 t)  -F  .  50n(r,  t)  -F  5T(f,  t) 


Similarly  6p(f,  t),  fluctuation  of  p  (hole  concentration): 


dT(r,  t) 


^  dp(r,t)  ^  dp(r,t)  ^  dp(r,t) 

^V(t,  t)  =  t)  +  ^  0 


t) 


aOp(f,t) 


dT(r,  t) 
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(2) 


The  electron  and  hole  mobility  is  not  only  the  function  of  Op  and  T,  but  is  additionally  dependent  on 

the  type  and  density  of  scattering  centers.  For  theoretical  calculations  we  have  adopted  the  relaxation  time 
approach  after  Ref.  13. 


(Dp,  (P,  T,  ^  ^  5(D„  +  ^  5(Dp  +  ^  <5(P  +  ^  (3) 


,,  =  Mp((D„, (Dp, (P,T,xl?eO  -  -JMp  =  ^5cD„  +  ^<5(Dp  +  ^<5(P  +  ^57  + 
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dT 
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We  have  denoted  the  relaxation  time  for  electrons  and  holes  as  i^ei  and  .Spectral  densities  of  and 

5t^qI  fluctuations  have  spectrum  1/f.  Kousik  at.  al.^^  based  on  1/f  Handel's  theory  of  1/f  noise,  obtained 
theoretically  the  spectral  intensity  of  relaxation  time  in  the  case  of  silicon.  We  have  adopted  their  results  for 
HgCdTe  in  some  previous  works^^'^^.  The  fluctuations  of  G-R  processes  are  caused  by  two  sources  of  noise,  the 
shot  noise  and  the  1/f  noise.  However  ,  G-R  processes  are  dependent  on  carrier  concentration,  so  the 
fluctuations  of  carrier  concentration  produce  also  the  G-R  noise.  In  the  overall  case  one  can  write: 


6iG  -R)  =  6iG  -  R)shot  +  SiG  -  R\,f  + 


d(G-R) 


dn 


dn  dn  dn 


+  - 


d(G-R) 


dp 


dp  dp  dp 
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Fig  3  shows  a  plot  of  calculated  noise  current  (AHz^^^)  at  IHz  of  photodiode  presented  in  Fig. 2  versus 
dislocation  density  at  77  K.  Experimental  data  (points)  for  LWIR  photodiodes  (Junction  area=7xl0~^c?n^, 
T=77K,  bias=20mV)  are  taken  after  Johnson  at.  al.^.  Fig.  4  refers  to  device  with  dislocation  density  Nqjs  = 
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SxlO^ cm~^ .  One  may  notice  that  SD  of  noise  power  density  is  practically  generated  in  regions  where  built-in 
electric  field  E  exists.  In  these  regions  strong  gradients  of  quasi-Fermi  levels  (  VOn  and  VOp)  are  found. 

The  noise  power  density  is  here  treated  as  a  result  of  the  fluctuations  of  the  quasi-Fermi  levels  as  well 
as  fluctuations  current  density,  i.e. 


Spp  =  Jn  •  5(VcD„)  +  VCD„  •  Sjn  +  ]p  •  <5(V<5p)  +  V<5p  ■  Sjp  (6) 


The  fluctuations  of  the  total  noise  power  density  may  be  expressed  by 


(7) 


V 


Fluctuation  of  density  of  Joule's  heat  power  6pp\s  now  considered  as  a  noise  power  density. 

Taking  into  account  the  energy  balance  of  Eq.  (7),  one  may  write  an  expression  for  the  effective  SD  of  the  total 
noise  current: 


Here  Sp^  is  SD  of  the  Joule  noise  power. 

Numerical  results  show,  that  the  dislocations  are  not  only  the  direct  source  of  1/f  noise  via  1/f  G-R 
noise,  but  also  mainly  increase  it  through  their  effect  on  G-R  currents.  All  these  results  confirm  Johnson's 
assumption^  that  dislocations  are  not  the  direct  source  of  1/f  noise  in  LWIR  77K  photodides,  but  rather 
increase  it  only  through  their  effect  on  leakage  current. 
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Noise  current  at  1  Hz  (A/Hz^^^ 


4.  FIGURES 


electron 

W- photon  •  before  scattering  event 


Fig.l.  Examples  of  G-R  and  scattering 
processes  in  which  soft  photons  ore  emitted  and 
absorbed.  2r^  is  the  mean  distance  between 
dislocation  cores.  .  Digit  1  -  recombination  in 
dislocation  core,  2-  generation,  3-  scattering  of 
electron,  4-absorption  of  photon  by  electron,  S-bulk 
recombination,  G-bulk  recombination 
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Fig.  3.  Noise  current  (AHz  )  at  IHz  vs.  dislocation 
density 
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Fig. 2.  Geometry,  CdTe  mole  fraction  profile,  and  carrier 


concentration  profiles  across  LWIR  P-on-n  photodiode 


operated  at  77K.  Distribution  of  particular  functions  ore 


shown  across  the  line  A-B  marked  in  the  inside  figure. 


Fig.4.  Spatial  distribution  (along  AB  cross  section)  of 


noise  power  density  caused  by  different  noise  sources 
for  dislocation  density  5x10^  cm'^.  Shot  G-R  noise  - 
block  line,  1/f  mobility  noise  (red  line  at  freguency 
f=lHz,  blue  line  f=  10  kHz).  Distribution  of  electric  field 
strength  -  dotted  green  line. 
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MgxZni.xO  Thin  Film  Transistor-Based  UV  Photodetector  with  Enhanced 

Photoresponse 

Chieh-Jen  Ku,  Pavel  Reyes*,  Ziqing  Duan,  Wen-Chiang  Hong,  Rui  Li,  and  Yicheng  Lu 
Department  of  Electrical  and  Computer  Engineering,  Rutgers  University 
94  Brett  Road,  Piscataway,  NJ  08854.  *pavelrey@rci.rutgers.edu  (presenting  author) 

Abstract:  We  demonstrate  a  UV  photodetector  based  on  MgxZni.xO  (MZO)  thin  film 
transistor  (TFT).  The  device  has  iow  dark  current  (2x1 0'^'*  A)  and  an  ON/OFF  ratio  of  We 
show  that  by  using  smail  composition  of  Mg  (5%)  in  the  MZO  TFT  channel,  we  are  able  to 
significantly  improve  the  photoresponse  recovery  time  of  the  photodetector  to  13.3  ms 
compared  with  46.9  ms  recovery  time  of  a  similar  TFT  with  0%  Mg.  We  aiso  observed  a  shift  in 
the  cutoff  wavelength  from  377.21  nm  in  the  0%  Mg  TFT  photodetector  down  to  370.96  nm  for 
the  MZO  TFT  photodetector. 


Introduction 

ZnO  is  a  promising  material  for  UV  photodetection  due  to  its  wide  bandgap  and  superior 
radiation  hardness.  However,  it  has  been  found  that  the  performance  of  ZnO-based  devices 
such  as  that  of  the  ZnO-based  thin  film  transistors  can  be  strongiy  impacted  by  the  native 
defects  iike  oxygen  vacancies  [1].  Based  on  our  recent  work,  it  has  been  shown  that  Mg  doping 
in  ZnO  to  form  its  ternary  alloy  MgxZn^xO  (MZO)  enhances  the  thermal  and  electrical  properties 
of  ZnO-based  thin  film  transistors  (TFT)  due  to  the  suppression  of  the  O2  vacancies  [2]. 

Various  types  of  UV  photodetectors  based  on  ZnO  have  been  reported  mainly  utilizing 
two-terminal  devices  including  photoconductive  [3-4],  and  Schottky  [5-6]  types.  More  recent 
ZnO-based  photodetectors  have  been  demonstrated  based  on  the  TFT  devices  [7].  The  TFT- 
based  UV  photodetector  as  a  three-terminal  device  provides  intrinsic  advantage  over  its  two- 
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terminal  counterpart  by  allowing  bias  control  and  signal  gain.  Moreover,  ZnO  TFTs  can  be 
Integrated  into  arrays  and  can  be  fabricated  on  various  substrates  including  glass.  This  makes 
it  well  suited  for  constructing  photodetector-arrays  for  UV  imaging  applications.  However,  as 
previously  stated,  devices  based  on  purely  ZnO  materials  suffer  from  poor  performance 
Including  the  low  mobility,  high  operating  voltages,  and  especially,  slow  recovery  speeds  caused 
by  oxygen  vacancies.  We  have  previously  reported  significant  recovery  time  improvement  of  a 
pure-ZnO  TFT  UV  photodetector  through  O2  plasma  surface  treatment  of  the  ZnO  TFT  channel 
[8]  to  minimize  persistent  photoconductivity  (PPC). 

Device  Structure  and  Static  Characteristic 

In  this  paper,  we  demonstrate  the  enhanced  UV  photoresponse  by  introducing  low  Mg 
composition  MZO  as  the  channel  to  form  the  MZO  TFT-based  UV  photodetector.  The  MZO  TFT 
UV  photodetector  consists  of  a  bottom  gate  configuration  TFT  fabricated  on  heavily  doped  n- 
type  Si  wafers  with  a  100  nm  thermally-grown  SIO2.  The  MZO  channel  has  a  50  nm  thickness 
with  a  ~5%  Mg  composition.  The  MZO  channel  is  grown  by  metal-organic  chemical  vapor 
deposition  (MOCVD)  at  450  °C  using  diethyl  zinc  (DEZn)  as  the  Zn  precursor  and  bis- 
(methylcyclopentadienyl)-magnesium  (MCp2Mg)  as  the  Mg  precursor.  The  source  and  drain 
metallizations  consist  of  100  nm  Ti/50  nm  Au.  The  active  layer  of  the  device  had  an  aspect  ratio 
of  W/L  =  150pm/5pm.  To  provide  a  control  device  for  comparison,  we  fabricated  a  similar  TFT 
with  0%  Mg  doping.  The  Inset  of  Fig.  1  shows  the  schematic  of  the  TFT.  We  measured  the  bs- 
Vgs  transconductance  curve  of  both  photodetectors  under  dark  conditions  as  shown  in  Fig.  1. 
Both  devices  have  a  low  dark  current  of  ~10'^'^  at  -10V  gate  bias,  however,  the  MZO  device  with 
5%  composition  exhibited  higher  on  current  (1x10'^  A)  compared  to  1x1  O'®  A  dark  current  of  the 
0%  Mg  device.  The  MZO  TFT  UV  photodetector  exhibited  a  high  ON/OFF  ratio  of  10^\  The 
spectral  response  of  both  UV  TFT  photodetectors  (0%  Mg  and  5%  Mg)  was  measured  by 
Illuminating  the  exposed  TFT  channel  with  a  broadband  UV  lamp  through  a  tunable 
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monochromator  (Oriel  Optics  MS257).  The  wavelength  was  varied  from  300  nm  to  400  nm. 
The  l-V  characteristics  of  both  devices  were  measured  for  each  wavelength  step  of  5nm.  The 
drain  was  held  constant  at  +10V  and  the  gate  at  -10V  for  the  whole  duration  of  the 
measurements.  The  resulting  spectral  photoresponse  of  both  devices  are  shown  in  Fig.  2.  We 
observed  a  shift  in  the  cutoff  wavelength  from  377.21  nm  in  the  0%  Mg  TFT  photodetector  down 
to  370.96  nm  for  the  5%  Mg  doped  MZO  TFT  photodetector  verifying  the  increase  in  the  energy 
bandgap  of  the  MZO  TFT  compared  to  the  pure  ZnO  device. 

Enhancement  of  UV  Photoresponse  in  the  MZO-based  TFT  UV  Photodetector 

The  dynamic  photoresponse  of  the  ZnO  TFT  UV  photodetector  was  measured  using  a  Laser 
Science  VSL  337ND-S  nitrogen  pulsed-laser  as  the  optical  source.  It  was  operated  at  40  ns 
optical  pulse  duration  averaged  at  60  Hz.  The  laser  wavelength  is  337  nm,  which  was  externally 
triggered  at  10%  duty  cycle  burst  mode.  Fig.  3  shows  the  photocurrent  as  a  function  of  time  of 
both  devices  with  the  same  optical  excitation.  We  show  that  by  using  small  composition  Mg 
(5%)  in  MZO  TFT  channel,  we  are  able  to  significantly  improve  the  photoresponse  recovery  time 
of  the  photodetector  to  15  ms  compared  with  42  ms  recovery  time  of  a  similar  TFT  with  0% 
Mg.  The  PPG  in  ZnO  and  related  materials  is  due  to  slow  process  of  the  optically  excited  state 
(Vo^""  metastable  states)  returning  to  its  ground  state.  To  return  to  ground  state,  the  metastable 
state  must  be  first  thermally  activated  across  its  energy  barrier  and,  simultaneously,  an  electron 
must  be  captured  from  the  conduction  band.  Simultaneously  meeting  these  two  conditions  to 
attain  a  return  to  ground  state  results  in  a  slower  decay  of  PPG.  The  improvement  of  dynamic 
photo  response  for  MZO  TFTs  could  be  attributed  to  the  suppression  of  Vo  in  the  channel  layer 
due  to  the  Mg  doping.  The  incorporation  of  certain  metal  ions  that  have  a  stronger  oxygen 
affinity  than  Zn  in  ZnO  (like  Mg)  can  suppress  the  oxygen  vacancies  since  the  formation  energy 
of  oxygen  vacancies  partially  depends  on  the  M-O/Zn-0  bonding  energy  [9].  The  demonstrated 
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MZO  TFT  UV  photodetector  with  enhanced  photoresponse  is  a  promising  device  for 
appiications  in  deep-UV  sensors  and  imaging  arrays. 
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Fig.  1.  l-V  characteristics  of  the  MZO  TFT 
(red)  pure  ZnO  TFT  (black)  UV 
photodetector  at  dark  conditions,  (inset: 
schematic  of  the  TFT  UV  photodetector). 


Photoresponse  Spectrum  (-10V  Gate  Bias) 


Fig.  2.  Photoresponse  spectrum  of  the  the  MZO 
TFT  (black)  pure  ZnO  TFT  (red)  UV  photodetector. 


Time  Response  of  ZnO  and  MZO  UV  TFT  Photodetector 


Fig.  3.  Time  response  of  the  MZO  TFT  (red)  pure  ZnO  TFT  (black) 
UV  photodetector  for  a  340nm  laser  pulse  with  10Hz  repetition  rate. 
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Infrared  Materials,  Processing,  and  Device  Development  at  the  Army  Research  Laboratory 


Phil  Perconti 

U.S.  Army  Research  Laboratory 


A  review  will  be  given  of  the  unique  eapabilities  found  at  the  Army  Researeh  Laboratory  (ARL)  for  the 
understanding  and  development  of  enabling  infrared  materials,  deviees,  and  foeal  plane  arrays  for  next 
generation  IR  systems.  This  will  inelude  a  diseussion  of  ARL’s  HgCdTe  researeh  portfolio,  alternative 
IR  materials,  advaneed  proeessing  eapabilities  using  atomie  layer  deposition  (ALD),  fundamental 
modeling  of  deviees,  and  our  vision  of  where  the  greatest  areas  of  impaet  lie  for  the  Army  with  respeet  to 
infrared  researeh  and  Army  unique  requirements. 
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A  Computational  Investigation  of  Random 
Angle  Grain  Boundaries  for  CdTe  Solar  Cells 

C  Buurma*\  M  K  Y  Chan^,  R  Klie\  S  Sivananthan^ 

^  University  of  Illinois  at  Chicago 
^  Argonne  National  Laboratory,  Center  for  Nanoscale  Materials. 

*630-771-0203,  cbuurm2(5)uic.edu 

Abstract 

Grain  boundaries  (GB)  in  poly-CdTe  solar  cells  play  an  important  role  in  species  diffusion, 
segregation,  defect  formation,  and  carrier  recombination.  Many  studies  on  GBs  in  CdTe  focus 
on  either  entire  grain-boundary  networks  found  in  complete  poly-CdTe  devices,  those 
exhibiting  high  symmetry  such  as  the  coincident  site  lattice  (CSL)  or  symmetric  tilt  or  twist,  or 
on  very  small  scale  Scanning-Tunneling  Electron  Microscopse  (STEM)  viewable  interfaces  and 
dislocations.  The  topic  of  this  talk  is  a  symmetry  comprehensive  survey  of  the  grain  boundary 
parameter  space  regardless  of  the  degree  of  symmetry  found  and  whether  the  STEM 
channeling  condition  is  satisfied.  Our  survey  encompasses  both  near-CSL  or  vicinal  grain 
boundaries  decorated  with  nearby  dislocations,  as  well  as  mixed  tilt  and  twist  interfaces  with  all 
possible  symmetrically  inequivalent  grain  boundary  planes. 

Atomistic  calculations  using  a  Stillinger-Weber[l]  potential  will  be  presented  on  a  large 
representative  sample  of  random-angle  GBs.  Trends  in  interfacial  energies  and  atomistic 
structures  as  a  function  of  tilt/twist/displacement  parameters  will  be  investigated.  First 
principles  density  functional  theory  (DFT)  calculations  will  be  performed  on  a  subset  of  these 
GBs  to  reveal  their  electronic  structures  and  their  implications  towards  PV  performance. 


[1]  D.  K.  Ward,  X.  W.  Zhou,  B.  M.  Wong,  F.  P.  Doty,  and  J.  a  Zimmerman,  "Accuracy  of  existing  atomic 

potentials  for  the  CdTe  semiconductor  compound.,"  J.  Chem.  Phys.,  vol.  134,  no.  24,  p.  244703,  Jun.  2011. 
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Figure  1.  Grain  boundary  macroscopic  parameter  space  (with  5  DoF)  which  are  symmetrically  inequivalent. 


along  with  tilt  and  misorientation  angles.  STEM  Viewable  GBs  are  in  red,  low  tilt  angles  are  in  blue,  and  the 


intersection  of  both  subsets  is  in  green 


Figure  2.  A  (ll'')[6,5,3]  [6,5,2]  random  angle  (IS.S"")  GB  viewed  along  two  directions  near  [1,1,0]  to  visualize  each  side  of 

the  GB  which  cannot  be  resolved  by  STEM. 
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Monocrystalline  ZnTe/CdTe/MgCdTe  double-heterostructure  solar  cells 
grown  on  InSb  using  Molecular  Beam  Epitaxy 

Ying-Shen  Kuo'’^,  Jacob  Becker'’^,  Yuan  Zhao'’^,  Michael  J.  DiNezza'’^,  Xin-Hao  Zhao'’^,  Shi  Liu'’^,  Calli 
Campbell'’^,  Xinyu  Liu"*,  Jacek  K.  Furdyna"^,  and  Yong-Hang  Zhang'’^  '*^ 

‘  Center  for  Photonics  Innovation,  Arizona  State  University,  Tempe,  AZ  85287 
^School  of  Electrical,  Computer  and  Energy  Engineering,  Arizona  State  University,  Tempe,  AZ  85287 
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Dame,  Indiana  46556 

Contact  information:  Phone:  480-965-2562;  Fax:  480-965-0775;  Email;  yhzhang@asu.edu 

Introduction 

Monocrystalline  CdTe  has  been  utilized  for  photo voltaie  applieations  with  a  maximum 
reported  cell  efficieney  of  13.4%  in  1987  [1],  and  poly  crystalline  CdS/CdTe  solar  eells  have 
reeently  reaehed  a  21.0%  reeord  effieieney  demonstrated  by  First  Solar  [2];  however,  both  are  far 
from  the  detailed  balanced  limit  of  32.1%.  By  comparing  these  values  with  single-junction 
monocrystalline  and  polyerystalline  GaAs  solar  cells  with  record  efficiencies  of  18.4%  and 
28.8%  [3],  respeetively,  as  shown  in  Table  1,  it  is  believed  that  the  monoerystalline  CdTe  solar 
eell  should  be  able  to  achieve  an  even  higher  effieieney  than  the  current  reeord.  We  have 
reeently  demonstrated  high-quality  monoerystalline  CdTe/MgCdTe  double  heterostruetures 
(DHs)  grown  on  lattiee-matehed  InSb  (001)  substrates  using  Moleeular  Beam  Epitaxy  (MBE), 
with  Shoekley-Read-Hall  (SRH)  lifetimes  of  179  ns  and  86  ns  [4,5]  for  2-pm-  and  1-pm-thiek 
CdTe  layers,  respeetively.  This  work  shows  our  further  exploration  of  using  this  high-quality 
monoerystalline  CdTe  to  demonstrate  single-junetion  CdTe  solar  cells  with  improved  efficiency. 
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The  design,  growth,  processing  and  characterization  of  monocrystalline  p-ZnTe/n-CdTe/n- 
MgCdTe  DH  solar  cells  on  n-lnSb  substrates  are  carefully  studied. 

Experimental  results  and  discussion 

The  sample,  of  which  the  layer  structure  is  shown  in  Fig.  1  (a),  is  firstly  grown  at  ASU 
using  a  VG  V80H  dual-chamber  MBE  system  with  separate  IIl-V  and  II- VI  growth  chambers 
connected  by  a  UHV  transfer  chamber.  Details  of  the  growth  conditions  have  been  reported 
previously  for  undoped  DH  [4].  The  sample  is  capped  with  a  100-nm- thick  Arsenic  layer  to 
protect  the  surface  during  sample  shipment  from  ASU  to  University  of  Notre  Dame,  where  the  p- 
ZnTe:N  layer  was  grown  after  the  Arsenic  cap  was  thermally  desorbed  (Fig.  1  (b)).  Further 
processing  and  characterization  as  described  in  Fig.  1  (c)  ~  Fig.  1(f)  was  then  carried  out  at  ASU. 

A  l-pm-thick  CdTe  base  layer,  giving  an  absorbance  of  97.5%  as  shown  in  Fig.  2,  is  used 
in  the  design  as  the  absorber.  Fig.  3  plots  the  energy  conversion  efficiency  as  a  function  of  the 
total  non-radiative  carrier  lifetime  in  the  CdTe,  which  considers  both  the  interface  recombination 
velocity  and  bulk  SRH  recombination  lifetime.  An  efficiency  of  27.4%  is  expected  for  a  sample 
with  a  total  non-radiative  carrier  lifetime  of  97  ns  for  l-pm-thick  CdTe/MgCdTe  DH.  A  high 
quality  CdTe  absorber  layer  with  an  X-ray  diffraction  (XRD)  FWHM  of  18  arcseconds  is 
measured  as  shown  in  Fig.  4.  It  is  noted  that  the  ZnTe  is  almost  completely  relaxed,  which 
results  in  large  densities  of  misfit  dislocations  and  non-radiative  recombination  centers  at  or  near 
the  ZnTe/CdTe  interface.  The  current  density  vs.  voltage  (J-V)  characteristics  of  a  finished 
device  without  an  anti-reflection  (AR)  coating  is  shown  in  Fig.  5.  The  J-V  curve  shows  a  typical 
PN  junction  rectifying  behavior  in  dark  and  exhibits  an  efficiency  of  6.1 1%  under  AM1.5G  1  sun 
illumination.  The  low  efficiency  results  from  low  open-circuit  voltage  (Voc)  that  is  primarily 
attributed  to  strong  non-radiative  recombination  at  the  ZnTe/CdTe  interface,  and  low  short- 
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circuit  current  density  (Jsc)  that  is  due  to  the  absence  of  AR  coating.  A  surface  reflection  of 
roughly  30%  is  observed  and  the  reflection  spectrum  is  shown  along  with  the  internal  and 
external  quantum  efficiencies  in  Fig.  7.  The  internal  and  external  quantum  efficiencies  show  a 
considerable  drop  in  the  wavelength  range  above  the  ZnTe  bandgap  which  are  due  to  the 
parasitic  absorption  loss  in  ZnTe  emitter  layer  and  surface/interface  recombination.  Additional 
characterization  and  analysis  will  be  presented  at  the  conference. 

Summary 

In  summary,  monocrystalline  ZnTe/CdTe/MgCdTe  double-heterostructure  solar  cells  are 
demonstrated  on  lattice-matched  InSb  substrates  by  MBE  growth  for  the  first  time.  Preliminary 
results  show  an  Voc  of  556  mV,  a  Jsc  of  15.5  mA/cm  and  a  power  conversion  efficiency  of 
6.1 1%  under  AM  1.5G  one  sun  illumination. 


Table  and  Figures 


Material 

Polycrystalline 

Monocrystalline 

Detailed  balance  limit 

GaAs 

18.4% 

28.8  % 

33.2  % 

CdTe 

21.0% 

13.4  % 

32.1  % 

Table  1.  Record  efficiencies  and  detailed  balance  limits  of  GaAs  and  CdTe  single-junction  solar  cell. 
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Fig.  1.  Design  and  process  flow  of  the  proposed  solar  cell.  Solar  cell  structure  is  (a)  firstly  grown  at  ASU  and  then  (b) 
p-ZnTe  is  grown  at  University  of  Notre  Dame.  The  processing  starts  with  oxide  removal  and  (c)  back  Ti/Au  contact 
deposition  by  E-beam  evaporation.  The  front  contact  grid  (area  <5%)  is  then  defined  by  (d)  photolithography,  (e) 
front  Ni/Ti/Pt/Au  metal  deposition  and  lift-off  process.  Solar  cell  sizes  ranging  from  0.6  mm  x  0.6  mm  to  5  mm  x  5 
mm  are  obtained  after  (f)  mesa  etching. 
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Fig.  2.  Calculated  absorptance  versus  layer  thiekness 
for  CdTe  single -junetion  solar  cell. 


Total  Non-radiative  Recombination  Lifetime  (ns) 


Fig.  3.  Simulated  energy  eonversion  effieieney  as  a 
function  of  CdTe  total  non-radiative  recombination 
lifetime  for  the  structure  shown  in  Fig.  1  (f). 


Omega  (degree) 

Fig.  4.  XRD  pattern  of  the  grown  solar  cell  strueture 
shown  in  Fig.  1  (b).  Inset  figure  shows  the  zoom  in 


peaks  of  CdTe  and  InSb. 


Fig.  6.  Measured  EQE,  refleetanee,  and  IQE  of  the 
ZnTe/CdTe/MgCdTe  solar  eell. 


Fig.  5.  J-V  eharaeteristic  of  a  ZnTe/CdTe/MgCdTe  solar 
eell  measured  in  the  dark  and  under  AM  1.5G  one  sun 
illumination  at  room  temperature. 
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Introduction 

Cd(Zn)Te  is  not  only  a  suitable  virtual  substrate  for  Mercury  Cadmium  Telleride  detectors,  but  also 
a  promising  material  for  solar  cells  because  of  its  large  absorption  coefficients  and  the  favorable  bandgap 
of  CdTe  (1.50  eV).  Recently  we  demonstrated  CdTe  and  CdTe/MgCdTe  double  heterostructures  (DHs) 
grown  on  InSb  substrates  using  molecular  beam  epitaxy  (MBE),  with  excellent  crystalline  qualities,  very 
low  defect  density  and  a  record  long  carrier  lifetime  of  86  ns.^’^’^  First  Solar  has  demonstrated 
polycrystalline  CdTe  solar  cells  with  a  record  efficiency  of  20.4%,"^  and  it  is  expected  that  monocrystalline 
CdTe  with  much  better  material  quality  should  enable  even  higher  efficiencies.  The  heterostructure  solar 
cell  efficiency  is  not  only  limited  by  the  bulk  carrier  lifetime,  but  also  by  interface  and  surface 
recombination.  This  paper  focuses  on  the  study  of  interface  recombination  velocity  in  MBE  grown 
CdTe/MgCdTe  DHs. 

Experimental  results  and  discussion 

The  double  heterostructures  (DHs)  were  grown  using  a  dual-chamber  MBE  system  as  reported 
previosly.^  With  MgCdTe  barrier  layers  providing  effective  carrier  confinement  and  reducing  surface 
recombinations  for  CdTe,  the  samples  provide  a  strong  photoluminescence  (PL)  intensity  and  long  minority 
carrier  lifetimes. Time-resolved  PL  results  for  recently  grown  samples  with  different  CdTe  middle  layer 
thickness  are  shown  in  Fig.  1.  A  new  record  lifetime  of  179  ns  is  observed  for  the  2  pm  thick  sample  at 
room  temperature.  The  wafer  has  some  degree  of  non-uniformity  and  lifetimes  are  measured  at  3  different 
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positions  on  the  wafer.  On  average,  the  thinner  samples  have  shorter  carrier  lifetimes  indicating  stronger 
interface  recombiantion.  The  interface  recombination  velocity  is  determined  to  be  461  cm/s  by  fitting  the 
thickness  dependent  carrier  lifetimes.  The  measured  interface  recombintaion  velocity  is  approaching  the 
typical  value  (210  cm/s)  of  GaAs/AlGaAs  DHs,^  suggesting  that  the  interface  of  CdTe/MgCdTe  has 
excellent  quality.  The  bulk  carrier  lifetime  is  estimated  to  be  at  least  on  the  order  of  hundreds  of 
nanoseconds.  Such  a  long  bulk  carrier  lifetime  indicates  the  superior  material  quality  of  the  epitaxial  CdTe 
layer  compared  with  polycrystalline  CdTe.  PL  spectra  are  measured  for  samples  with  different  CdTe  layer 
thickness  under  the  same  condition  (Fig  2).  It  is  found  that  the  PL  peak  shifts  to  longer  wavelength  with 
thicker  CdTe  layer  thickness.  This  is  because  the  photon  recycling  effect  is  stronger  for  shorter  wavelength 
photons,  which  have  a  higher  probablity  of  being  reabsorbed  by  the  CdTe  layer  before  they  are  emitting 
from  the  sample.  Theoretically,  under  low  excitation  levels  during  PL  measurement,  the  PL  intensity  is 
proportional  to  (1  —  .  The  calculated  effective  lifetime  and  l-y  (photon  recyling  factor)  is  shown 

in  Fig  3  (left).  The  measured  PL  intensity  agrees  very  well  with  the  theoretical  prediction  as  shown  in  Fig 
3  (right). 

Summary 

In  summary,  very  high  quality  CdTe/MgCdTe  double  heterostructures  are  demonstrated  by  using 
lattice  matched  InSb  substrate  and  molecular  beam  epitaxy  growth.  The  interface  recombination  velocity 
is  determined  to  be  461  cm/s,  and  the  bulk  lifetime  is  determined  to  be  on  the  order  of  hundreds  of 
nanoseconds.  Such  a  high  quality  CdTe  bulk  material  could  enable  high  efficiency  solar  cells,  and  the 
MgCdTe  layer  could  be  a  potential  surface  passivation  layer  for  CdTe. 

Figures 
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Time  (ns) 
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Figure  1.  Time-resolved  photoluminescence  measurements  of  CdTe/MgCdTe  double  heterostructures  with  different 
CdTe  layer  thickness.  For  each  wafer,  the  lifetimes  are  measured  from  the  center  to  the  edge  of  the  wafer  with  equal 
spacing,  corresponding  to  label  (l)'-(3).  Averaged  lifetimes  are  used  for  the  interface  recombination  study.  The  thicker 
the  sample,  the  longer  the  lifetime,  indicating  that  interface  recombination  is  an  important  part  of  the  total  lifetime. 


Wavelength  (nm) 


Figure  2.  Photoluminescence  spectra  study  of  CdTe/MgCdTe  double  heterostructures  with  different  CdTe  layer 
thickness.  The  thicker  the  CdTe  layer,  the  longer  the  peak  wavelength  is,  indicating  a  strong  photon  recycling  effect. 
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Figure  3.  (Left)  Calculated  effective  lifetime  and  1-  y  (photon  recycling  factor)  as  a  function  of  CdTe  layer 

thickness.  (Right)  Photoluminescence  intensity  is  proportional  to  (1  —  under  low  excitation  levels  as  predicted 

by  theory. 
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Abstract:  In  this  study,  we  focused  on  structural  characterization  of  CdTe  epilayer  grown  on  GaAs  (211)B 
substrate  with  the  help  of  different  techniques  of  X-ray  diffraction  (XRD).  We  found  that  mosaicity  exists 
in  1.6  micrometer-thick  CdTe  epilayer  according  to  reciprocal  space  map  (RSM)  of  symmetric  (422)  peak. 
CdTe  epilayer  had  a  few  degrees  of  misorientation  relative  to  GaAs  (211)B  substrate.  Subgrain  boundaries 
were  revealed  as  shoulders  in  rocking  curve  (RC)  peak  shapes  for  some  of  the  thicker  CdTe  epilayers. 
Ga2030xide  was  not  completely  stripped  from  GaAs  (211)B  surface  after  thermal  desorption  process  with 
respect  to  X-ray  reflectivity  (XRR)  fit  result. 

Keywords:  CdTe/GaAs  (211)B,  Reciprocal  Space  Map,  X-ray  Reflectivity,  Rocking  Curve. 

1.  INTRODUCTION 

GaAs  (211)B  is  superior  to  other  alternative  substrates  such  as  Si  and  Ge  in  terms  of  having  low  lattice 
mismatch  with  CdTe,  polarity,  easy  surface  preparation  process,  direct  growth  of  CdTe  without  nucleation 
layer  or  transition  layer  such  as  ZnTe  by  using  molecular  beam  epitaxy  (MBE).  Growth  of  CdTe  buffer 
layer  on  epiready  GaAs  (211)B  substrate  can  be  started  immediately  after  thermal  stripping  of  oxide 
layer(s).  CdTe  epilayer  grown  on  GaAs  (211)B  substrate  must  be  characterized  in  great  detail  whether  it  is 
suitable  for  the  growth  of  HgCdTe. 

XRD  is  a  versatile,  well-established,  and  non-destructive  structural  characterization  technique.  There  are 
limited  number  of  studies  devoted  to  structural  analysis  of  CdTe  epilayers  grown  on  GaAs  (211)B  substrate 
using  XRD.  RC  map  is  a  very  useful  and  most  common  technique  for  this  structure  that  can  be  used  to  show 
variation  of  crystal  quality  on  the  surface  of  CdTe  epilayer.  RC  map  of  CdTe  epilayer  grown  on  GaAs 
(211)B  substrate  can  be  found  in  several  studies  [1,  2].  The  effect  of  growth  temperature  on  crystal 
orientations  was  determined  by  XRD  in  a  study  for  CdTe/GaAs  (211)B  [3].  Residual  film  stress  [4],  tilting 
of  CdTe  with  respect  to  GaAs  (211)B  substrate  [5],  and  RC  peak  shape  of  bulk  growth  CdTe  on  GaAs 
(211)B  [6]  were  reported  in  the  literature.  In  this  study,  XRD  analysis  was  employed  with  different 
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techniques  such  as  Gonio  Scan  and  XRR  in  low  resolution  and  RSM  and  RC  in  high  resolution  to 
understand  structural  characteristics  of  thin  CdTe  epilayers  grown  on  GaAs  (211)B  substrate  in  great  detail. 

2.  EXPERIMENTAL 

A.  MBE  Growth 

CdTe  epilayers  were  grown  on  GaAs  (211)B  substrate  by  using  Veeco  GEN20MZ  MBE  system.  Thermal 
oxide  desorption  process  of  GaAs  (211)B  substrate  before  direct  growth  of  CdTe  was  monitored  by 
reflection  high  energy  electron  diffraction  (RHEED).  Growth  temperature  of  CdTe  epilayers  was 
measured  with  the  help  of  band  edge  measurement  system.  Thicknesses  of  CdTe  epilayers  were  measured 
by  ex-situ  spectroscopic  ellipsometry  (SE).  Thicknesses  and  growth  temperatures  of  CT8  and  CT9  can  be 
given  as  1.9  and  1.6  pm  and  310°C  and  315°C,  respectively  and  with  Te:Cd=3:l  flux  ratios. 

B.  XRD  Measurements 

PANalytical  Pro  Material  Research  Diffractometer  (MRD)  was  used  as  XRD  diffraction  instrument  for  all 
of  the  measurements.  High  and  low  resolution  with  line  focus  tube  alignment  were  employed  to 
characterize  CdTe  epilayer  grown  on  GaAs  (211)B  substrate.  XRR  was  measured  in  low  resolution  for 
incidence  angle  (co)  in  between  0.15°  and  6°.  Experimental  raw  data  of  XRR  was  fitted  with  PANalytical 
X'Pert  Reflectivity  software  supplied  by  PANanalytical.  RC  measurement  of  symmetric  (422)  peak  of 
CdTe  was  measured  in  high  resolution  in  the  range  of  ±  0.5°  about  the  peak  position.  Optical  apparatus 
such  as  four  crystal  Ge  (220)  monochromator  with  10  mm  x  10  mm  spot  size  on  the  incident  beam  side 
and  analyzer  crystal  on  the  diffracted  beam  side  were  used  in  order  to  increase  resolution  of  RC  setup  by 
selecting  Cu  K^i.  RSM  of  CdTe  (422)  peak  was  measured  as  a  2D  map  with  omega-2theta  and  omega 
scans  whose  ranges  were  ±  0.6°  and  ±  0.5°,  respectively. 

3.  RESULTS  AND  DISCUSSION 

Symmetric  (422)  peak  of  CdTe  was  observed  with  an  offset  to  the  incident  angle  for  some  RC 
measurements.  This  offset  as  a  deviation  from  (422)  peak  position  was  attributed  to  misoriented  CdTe 
epilayer  accroding  to  GaAs  (211)B  substrate  as  illustrated  in  Eigure  1  (a).  Large  lattice  mismatch  between 
GaAs  (211)B  substrate  and  CdTe  epilayer  leads  to  this  misorientation.  Intrinsically,  CdTe  epilayers 
behave  this  way  to  reduce  lattice  mismacth  with  GaAs  (211)B  lattice.  A  weak  correlation  observed  with 
the  offset  &  crystal  quality  might  be  due  to  the  variation  of  growth  paramaters  such  as  nucleation  and 
growth  temperature. 
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Reciprocal  space  map  of  symmetric  (422)  reflection  of  1.6  micrometer-thick  sample  (CT9)  can  be  seen 
from  Figure  1  (b).  Secondary  flat  of  GaAs  substrate  is  (11 1)  and  it  is  parallel  to  the  incident  beam  for  this 
measurement.  Elongation  along  Qx  can  be  interpreted  as  existence  of  mosaicity  in  CdTe  epilayer.  This 
result  also  demonstrates  the  formation  of  low-angle  subgrain  boundaries  in  CdTe  epilayer  due  to 
moasicity. 

(422)  peak  which  was  obtained  from  1.9  micrometer-thick  sample  (CT8)  has  an  asymmetric  peak  shape 
as  shown  in  Figure  2  (a).  Asymmetric  peak  shape  demonstrates  that  low-angle  grain  boundaries  (LAGB) 
or  subgrain  boundaries  exist  in  the  crystal  structure.  We  infer  that  low-angle  grain  boundaries  in  CdTe  are 
formed  by  a  mixture  of  twist  and  tilt  boundaries  as  components  of  moasicity  and  supported  by  dislocation 
arrays  in  crystal  structure.  FWHM  of  this  peak  obtained  from  PearsonVII  function  fitting  is  about  250 
arsec. 


According  to  XRR  results  table  of  CT  23  given  in  Figure  2  (b),  Ga203  was  still  present  at  the  surface  of 
GaAs  (211)B  substrate  after  thermal  desorption  process  which  suggests  that  higher  temperature  might  be 
needed  for  complete  desorption.  Thickness  and  roughness  of  CdTe  epilayer  can  be  approximately  given 
as  294  and  1  nm,  respectively.  The  data  analysis  also  suggests,  Tellirium  dioxide  and  oxygen  were 
formed  on  the  surface  of  CdTe  epilayer. 


4.  FIGURES 


Theoretical  Experimental 
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Figure  1.  Misorientation  illustration  of  CdTe  epilayer  according  to  GaAs  (211)B  substrate  (a-left)  and 
RSM  of  symmetric  (422)  peak  of  CdTe  (b-right)  for  the  same  sample  (CT9). 
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Figure  2.  Asymmetric  shape  of  (422)  peak  of  CdTe  (a-left)  for  sample  CT8  and  XRR  measurement  (blue) 
with  fit  data  (red)  and  result  table  (b-right)  for  sample  CT23. 
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We  present  the  work  that  NREL  has  performed  on  in-situ  arsenic  (As)  doping  of  CdTe  layers 
grown  on  silicon  by  MBE.  Arsenic  is  a  promising  p-type  dopant  for  the  absorber  layer  in  CdTe  solar 
cells  if  carrier  concentrations  of  at  least  10^®  cm  ®  can  be  reproducibly  achieved.  We  have  shown  high 
quality  layers  can  be  grown  with  uniform  As  incorporation  of  mid  to  high  10^®  cm  ®.  As  grown,  the  As 
is  electrically  inactive  and  requires  an  ex-situ  activation  anneal.  After  activation  anneal  (~500°C  for  10 
min)  under  Hg  or  Cd  over  pressures,  these  layers  realize  a  50%  activation  efficiency  leading  to  carrier 
concentrations  in  the  low  to  mid  10^®  cm  ®.  Following  the  ex-situ  activation  anneal,  select  layers  have 
been  coated  with  an  indium  doped  n-type  CdTe  layer  to  form  junctions.  Preliminary  results  of  these 
devices  will  also  be  presented. 

Several  parameters  have  been  explored  to  study  the  challenges  of  As  incorporation  in  CdTe. 
These  include  the  very  low  sticking  coefficient  of  As  (<0.001%),  and  the  tendency  for  As  to  induce 
defects  in  the  crystal  structure.  We  have  studied  the  critical  CdTe:As  growth  parameters,  including 
substrate  temperature,  Cd  over  pressure,  growth  rate.  As  cracking  conditions  (flux  and  temperature), 
and  in-situ  annealing  cycles.  These  parameters  were  optimized  to  increase  As  incorporation  while 
retaining  high  crystal  quality.  We  also  provide  insights  into  avoiding  run-away  As  incorporation  that 
can  lead  to  highly  defective  and/or  amorphous  layers. 
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Cadmium  telluride  (CdTe)  thin  film  solar  cells  are  very  promising  because  of  their  low 
cost  and  high  efficiency.  Till  date,  thin  film  polycrystalline  CdS/CdTe  solar  cell  with  20.4% 
efficiency  has  been  announced  [1].  However,  the  performance  of  CdTe  solar  cells  can  still  be 
further  improved  according  to  theoretical  calculation,  especially  the  open  circuit  voltage  (Voc)- 
The  low  p-type  CdTe  doping  concentration  and  low  minority  carrier  lifetime  are  the  main 
reasons  resulting  in  Voc  lower  than  the  theoretical  prediction.  Also,  the  device  performance 
could  be  degraded  due  to  the  bandgap  offset  between  CdTe  and  CdS.  With  use  of  single 
crystal  CdTe,  both  high  minority  carrier  lifetimes  and  high  doping  concentration  can  be 
achieved.  Single  crystal  CdTe/ZnTe/GaAs  heterojunction  structures  have  been  studied  and 
presented  in  the  2013  workshop.  Amorphous  CdS/single  crystal  CdTe  solar  cells  have  also 
been  demonstrated.  Nevertheless,  the  solar  cell  performance  was  still  limited  by  the  high 
density  of  dislocations  and  non-optimized  junctions  [2].  In  this  work,  CdTe  homojunction 
structures  for  solar  cell  applications  grown  on  GaAs  substrates  and  bulk  CdTe  substrates  will 
be  demonstrated. 

The  CdTe  crystal  growth  took  place  in  a  vertical  cold  wall  CVD  reactor  equipped  with 
a  3”  rotating  quartz  heater/substrate  holder.  Dimethylcadmium  (DMCd),  diethylzinc  (DEZn), 
and  diisopropyltelluride  (DfPTe)  were  used  as  the  precursors  of  Cd,  Zn  and  Te,  respectively. 
Ethyliodide  (El)  and  arsine  (AsHa)  were  used  as  the  iodine  and  arsenic  sources  for  n-type  and 
p-type  doping  respectively.  The  growth  temperature  and  pressure  were  varied  from  300°C  to 
400°C  and  100  Torr  to  500  Torr,  respectively.  The  substrates  we  used  for  CdTe  growth  were 
GaAs(lOO)  wafers.  Before  CdTe  growth,  thin  ZnTe  buffer  layers  were  first  grown  on  GaAs  to 
ensure  the  (100)  orientated  CdTe  growth.  Other  experimental  details  have  been  published 
earlier  [2].  With  use  of  arsine  as  the  arsenic  source  for  p-type  CdTe,  very  abrupt  doping 
profile  has  been  observed.  Figure  1  shows  the  secondary  ion  mass  spectrometry  (SIMS) 
analysis  results  of  a  specific  CdTe  structure  grown  at  400°C  containing  an  undoped  CdTe 
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buffer  layer  and  five  As-doped  CdTe  layers  with  different  arsine  flows  varied  from  1  standard 
cubic  centimeter  per  minute  (seem)  to  19  seem.  It  is  clear  that  five  distinct  CdTe  layers  with 
different  As  concentrations  were  observed.  This  demonstrated  that  the  arsenic  atoms  are 
stable  in  CdTe  at  the  growth  temperature  of  400°C.  Moreover,  the  arsenic  incorporation 
efficiency  in  CdTe  was  a  linear  function  of  introduced  arsine  flows  in  this  range.  As 
compared  to  using  tris(dimethylamino)arsine  (TDMAAs)  as  the  As  source,  arsine  was  found 
to  provide  higher  activation  efficiency.  However,  post  growth  annealing  in  N2  ambient  at 
450°C  for  30  s  was  still  required  to  activate  the  dopants.  The  highest  hole  concentration 
obtained  from  CdTe: As  was  ~6x  lO'^  cm‘^. 

On  the  other  hand,  the  properties  of  iodine-doped  n-type  CdTe  were  very  sensitive  to  the 
growth  conditions.  The  as-grown  CdTe:I  grown  at  400°C  and  100  Torr  was  very  resistive. 
Post-growth  annealing  at  550°C  under  Cd-overpressure  was  required  to  activate  the  dopant. 
It  resulted  in  a  doping  concentration  of  2.4x10  cm'  and  mobility  of  735  cm  /Vs.  With 
higher  growth  temperature,  the  Cd-vacancies  in  CdTe  may  compensate  the  dopants  and  thus 
result  in  high  resistive  as-grown  CdTe.  After  annealing  in  Cd-overpressure,  the  Cd-vacancies 
were  anhilated  and  the  sample  became  more  n-type.  However,  the  high  temperature  processes 
are  not  desirable  due  to  the  undesirable  diffusion  of  dopants.  Instead,  the  CdTe:I  grown  at 
300°C  and  500  Torr  showed  n-type  behavior  without  additional  post-growth  annealing.  The 
electron  concentration  and  mobility  was  1.7x10^^  cm'^  and  570  cmWs,  respectively.  It’s 
worth  noting  that  these  n-type  CdTe  samples  are  not  stable  at  higher  temperature.  The  n-type 
CdTe  samples  became  highly  resistive  after  annealing  at  450°C  for  30  s  in  N2  ambient.  Table 
1  summarizes  the  Hall  measurement  data  before  and  after  annealing.  Both  mobility  and 
carrier  concentration  decreased  after  annealing.  Further  results  and  discussion  of  device 
fabrication  and  characterizations  are  being  carried  out  and  will  be  presented  in  the 
conference. 
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Figure  1.  SIMS  results  of  a  specific  CdTe  structure  grown  at  400°C  containing  an  undoped 
CdTe  layer  and  five  As-doped  CdTe  layers  with  different  arsine  flows  varied  from  1  seem  to 
19  seem. 


Resistivity  (Q-cm) 

Mobility  (cm^/V s) 

Concentration  (cm'  ) 

Before  annealing 

0.7 

567.3 

1.7x10'^ 

After  annealing 

136.2 

286.4 

1.6x10*^ 

Table  1 .  Hall  measurement  results  of  n-type  iodine-doped  CdTe  before  and  after  annealing  at 
450°C,  30  s. 
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Abstract 

We  present  theoretical  modelling  and  optimization  of  mercury  cadmium  telluride  (HgCdTe)  unipolar 
n-type/Barrier/n-type  (nBn)  infrared  detectors  for  applications  in  the  mid-wave  infrared  band  (3~5pm).  The 
calculations,  implemented  using  the  commercial  Synopsis  TCAD  simulation  platform,  included  all 
dominant  generation-recombination  (G-R)  mechanisms  that  affect  the  operation  of  practical  HgCdTe 
detectors,  including:  Shockley-Read-Hall  (SRH),  band-to-band  tunneling,  trap-assisted  tunneling  (TAT), 
as  well  as  radiative  and  Auger  processes  [1].  Temperature-dependent,  field-dependent  and-doping 
dependent  carrier  mobility  models  were  also  included.  The  results  indicate  that  optimization  of  the  barrier 
composition,  barrier  doping,  and  barrier  width  in  HgCdTe  nBn  detectors  can  enable  performance  levels 
similar  to  ideal  p-n  photodiodes  even  in  the  presence  of  the  valence  band  discontinuity  at  the 
absorber/barrier  heterojuction.  For  absorber  doping  densities  higher  than  10^®  cm'^,  detector  performance 
was  found  to  be  limited  by  BTBT  and  Auger  processes.  These  two  mechanisms  lead  to  increasingly 
higher  dark  current  levels  as  the  absorber  doping  level  is  increased  beyond  10^®  cm'^.  Figures  1  and  2 
show  the  dark  current  density  and  detectivity  versus  temperature.  We  can  observe  that  the  dark  current  in 
our  modelled  nBn  is  close  to  the  values  predicted  by  Rule  07  [2].  Figure  3  shows  the  dynamic  resistance 
which  corroborates  with  those  predicted  by  Rule  07  and  saturates  for  absorber  doping  level  of  10^®  cm'^ 
[2,3].  Figure  4  shows  that  our  simulation  results  are  in  good  agreement  with  previously  published  data 
available  for  HgCdTe  based  nBn  detectors  operating  at  5pm  cut-off  wavelength  [2,3,4]. 
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Figure  1  and  2.  (left)  Total  dark  current  vs.  temperature  MWIR  a?Ba?  detector  at  cut-off  wavelength  of  5  jum 
and  comparison  with  Rule  07.  (Right)  Detectivity  vs.  temperature  for  MWIR  nBn  detector  with  different 
absorber  doping  density.  Auger,  BTBT  generation-recombination  mechanisms  degrade  the  performance 
of  detector  for  absorber  doping  densities  larger  than  10^®  cm'^. 


Figure  3  and  4.  (left)  Dynamic  resistance  vs.  temperature  for  MWIR  nBn  detector  at  cut-off  wavelength  of 
5  jum  and  comparison  with  Rule  07.  (Right)  Comparison  of  dark  current  for  MWIR  nBn  detector  from 
different  theoretical  studies  at  T=200  K.  P.  Martinuk  has  reported  higher  dark  current  compare  to  this 
work  and  A.M.  Itsuno  due  to  incorporation  of  inappropriate  barrier  parameters. 
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We  present  here  a  new  FIgCdTe  based  heterostructure  to  perform  quantum  IR  detection.  This 
structure  is  based  on  the  unipolar  barrier  concept,  imagined  by  White  in  the  80*'^[A.  M.  White,  "IR 
detector,"  Patent,  vol.  US4679063,  1987.]  The  driving  idea  is  the  use  of  a  large  gap  barrier  layer  to 
impede  the  flow  of  majority  carriers  (electrons  on  the  conduction  band  in  the  case  of  a  N  type 
material)  while  facilitating  the  transport  of  minority  (photo)  carriers  (holes  on  the  valence  band).  The 
issue  encountered  here  is  the  formation  of  a  small  potential  barrier  on  the  valence  band,  blocking 
photocarriers  and  therefore  killing  the  quantum  efficiency.  The  idea  here  is  to  optimize  the  structure 
with  the  design  of  an  asymmetric  barrier:  abrupt  on  the  contact  side  to  efficiently  block  the  majority 
carriers,  and  gradual  on  the  absorption  layer  side  to  plane  down  the  remaining  potential  barrier  for 
the  photocarriers.  The  concept  has  been  studied  by  FEM  simulation  and  showed  promising  results. 
An  optimal  design  has  been  identified  in  the  MW  band  and  few  MBE  layers  have  been  grown  then 
processed.  First  experimental  characterization  of  the  EO  properties  of  such  structures  will  be 
presented. 
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Abstract:  A  novel  magnetotransport  method  is  developed  which  determines  both  vertical  and  horizontal 
mobilities  in  a  strained-layer  superlattice  (SLS).  GaSb/lnAs-based  LWIR  SLS  structures  were  characterized 
using  this  method.  A  very  high  horizontal-to-vertical  mobility  anisotropy  ratio  was  evident  for 
conduction  electrons. 

In  a  strained-layer  superlattice  (SLS),  carrier  mobility  (//)  can  vary  strongly  between  the  vertical 
and  horizontal  directions.  ^  While  the  horizontal  mobility  can  be  found  from  standard  Hall  effect 
techniques,  sometimes  by  employing  a  variable  magnetic  field,  ^  the  measurement  of  vertical  mobility  in 
a  thin  film  is  much  more  challenging. 

A  novel  magnetotransport  method  is  developed  which  determines  both  vertical  and  horizontal 
mobilities  in  any  anisotropic  film,  including  a  SLS.  ^  To  carry  it  out,  one  fabricates  a  circular  mesa  of 
radius  r,  leaving  a  thin  contact  layer  to  be  covered  by  a  large  area  ohmic  contact.  A  second  ohmic 
contact  is  deposited  on  top  of  the  mesa.  When  a  magnetic  field  B  is  applied  at  an  angle  0,  The  total 
resistance  between  the  contacts  becomes: 
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n  _  l  +  (.HsBcos0)^ 

Ks  —  ~ 

<^so 

The  gap  between  the  mesa  and  a  large  area  metallization  is  d,  and  /  and  K are  the  modified 
Bessel  functions  of  the  first  and  second  i^jncj  Error!  Bookmark  not  defined.  Fortunately,  the  Bessel  function  ratios 

simplify  to  one  for  r  »  L^.  The  thickness  is  t,  and  <7o  and  ojo  are  the  volume  and  sheet  conductivities  of 
the  film  and  contact  layer,  respectively. 


The  intensity  and  the  angle  of  an  applied  magnetic  field  are  varied,  and  a  single  analysis  routine 
yields  the  horizontal  and  vertical  transport  parameters.  If  a  bottom  contact  layer  is  deposited  under  the 
SLS,  it  may  be  characterized  as  well.  The  method  may  be  extended  to  any  anisotropic  thin  film  with 
arbitrary  substrate  conductivity. 

GaSb/lnAs-based  LWIR  SLS  structures,  doped  in  the  n-i-n  pattern,  were  characterized  using  this 
magnetotransport  method.  A  very  high  horizontal-to-vertical  mobility  anisotropy  ratio  was  evident  for 
conduction  electrons,  as  well  as  evidence  of  a  dependence  of  mobility  on  carrier  concentration,  as 
predicted  from  theory.  ^ 
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Fig.  1  -Extracted  mobility  as  a 


function  of  temperature,  including 
both  horizontal  and  vertical 
mobilities.  The  very  high  predicted 
horizontal-to-vertical  mobility 
anisotropy  ratio  is  evident. 


Temperature  (K) 

Fig.  2  -  Extracted  carrier  concentration  (n)  as  a 
function  of  temperature.  For  the  thin  side  wall 
and  bottom  contact  layers,  carrier 
concentration  was  expressed  in  terms  of  sheet 
conductivity. 
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Fig.  3.  A  sandwich  structure  for  GMR.  Contact  layers,  often  heavily 
doped,  surround  an  Active  Region  (AR),  such  as  a  SLS. 
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Fig.  4 -Angular  dependence  of  geometric 
magnetoresistance  at  20  values  of  the  magnetic 
field  from  0  to  9  Tesla. 
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ABSTRACT 

We  examine  some  issues  related  to  minority  carrier  collection  in  unipolar  barrier  infrared  photodetectors 
theoretically.  In  a  barrier  infrared  detector  such  as  the  nBn  [1]  and  the  CBIRD  [2],  the  barrier  should  block 
only  majority  carriers  and  allow  the  un-impeded  flow  of  minority  carriers.  However,  an  imperfect  barrier 
would  also  block  minority  carriers,  resulting  in  higher  turn-on  bias  as  has  been  observed  in  both  MWIR  and 
LWIR  devices  [2,  3].  Minority  carrier  blocking  can  be  caused  by  (1)  barrier  doping,  and/or  (2)  un-intended 
band  offset  between  the  barrier  and  the  absorber.  The  distinct  manner  in  which  these  two  mechanisms 
affect  device  performance  are  seen  in  Figure  1,  which  shows  the  calculated  energy  band  diagrams  and 
current  density-voltage  characteristics  for  two  sets  of  nBn  devices,  one  with  different  barrier  doping  levels, 
the  other  with  different  barrier-absorber  valence  band  offsets.  The  results  are  clarified  by  examining  the 
Shockley-Read-Hall  recombination  rates,  and  electron  and  hole  densities,  shown  in  Fig.  2.  Under  the  right 
conditions,  barrier  doping  can  reduce  generation-recombination  dark  current  without  affecting  minority 
carrier  extraction.  Minority  carrier  transport  also  depends  on  lifetime  and  mobility.  It  is  a  commonly  held 
belief  that  hole  mobility  in  an  n-doped  type-ll  superlattice  (T2SL)  is  very  low  because  of  the  extremely  large 
vertical  effective  mass.  Yet  MWIR  and  LWIR  n-type  T2SL  detectors  have  shown  reasonable  optical  responses 
[4,  5].  A  closer  inspection  of  the  T2SL  band  structure  offers  a  possible  explanation  as  to  why  the  hole 
mobility  (while  still  low)  may  not  be  as  poor  as  suggested  by  the  simple  effective  mass  picture. 


Keywords:  infrared  detector,  type-ll  superlattice,  unipolar  barrier,  mid-wavelength  infrared,  long- 
wavelength  infrared 
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Figure  1  Calculated  energy  band  diagrams  (-0.2  V)  and  current  density-voltage  characteristics  for  nBn  structures  with 
different  barrier  doping  (left)  and  different  barrier-absorber  valence  band  offset  (right). 
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Figure  2  Calculated  SRH  recombination  rate  and  carrier  densities  for  nBn  structures  with  different  barrier  doping  (left) 
and  different  barrier-absorber  valence  band  offset  (right).  The  applied  bias  is  -0.2  V. 
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InAs/(In)GaSb  Type-II  superlattices  are  an  important  material  system  for  high-performance  infrared 
radiation  detectors,  with  performance  levels  that  are  predicted  to  rival  those  of  HgCdTe.  For  applications 
in  the  very  long  wavelength  infrared  (VLWIR)  and  terahertz  region  of  the  electromagnetic  spectrum, 
InAs/(In)GaSb  Type-II  superlattices  (T2SL)  offer  flexible  tunability  of  their  effective  bandgap  which  is 
easier  to  achieve  than  in  conventional  HgCdTe-based  detectors.  [1]  There  are  however  few  report  on  the 
electronic  properties  of  InAs/(In)GaSb  Type-II  superlattices  designed  for  very  long  wavelength  sensing. 

In  this  work,  we  present  results  of  a  study  of  in-plane  electronic  transport  in  InAs/InGaSb  Type-II 
superlattices  designed  for  VLWIR.  The  samples  studied  were  grown  by  molecular  beam  epitaxy  on  (100) 
GaSb  substrates,  and  consisted  of  500nm  GaSb  buffer  layer,  followed  by  40  superlattice  periods,  and 
terminated  with  a  20  nm  InAs  cap  layer.  The  superlattice  period  was  defined  by  4.21  nm  InAs  and 
2.51  nm  Ino.35Gao.65Sb. 

In  order  to  unambiguously  discriminate  the  transport  characteristics  of  the  superlattice  region  from  the  p- 
type  substrate,  magnetic  field  dependent  measurements  and  high  resolution  mobility  spectrum  analysis 
(HR-MSA)  were  performed  on  the  same  wafer  before  and  after  wet-chemical  removal  of  the  superlattice 
material.  In  the  material  without  the  SL  layer,  two  hole  carrier  peaks  were  detected  which  are  attributable 
to  heavy  and  light  holes.  Although  the  contribution  from  substrate  holes  was  found  to  dominate  sample 
conductivity  (representing  over  95%  of  total  conductivity  at  300K),  two  additional  electron  species  with 
mobilities  of  8,200cm^/Vs  and  15,630cm^/Vs  were  detected  at  300K  in  the  sample  with  the  superlattice 
layers  (Fig.  1).  These  electron  species  have  been  attributed  to  the  20nm  InAs  cap  layer  and  the  269nm 
superlattice  region,  respectively. 

From  the  temperature  dependence  of  electron  sheet  density  (Fig.  2),  the  superlattice  miniband  was  found 
to  transition  from  a  semiconductor  with  a  energy  bandgap  of  25meV  at  T  ~  60K,  to  a  semi-metal  with  a 
negative  bandgap  for  T  >  150K.  These  results  are  consistent  with  the  calculated  temperature  dependent 
bandgap  using  8-band  k.p  simulations  (Fig.  3),  and  yield  parameters  that  are  consistent  with  Varshni 
parameters  reported  for  relatively  wider  bandgap  InAs/(In)GaSb  Type-II  superlattices  [2]. 
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Fig.  1  Temperature  dependence  of  the  mobility  of  the 
electron  species  detected  by  HR-MSA 
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Fig. 3  Temperature  dependence  of  the  superlattice  bandgap 
energy  from  the  extracted  Varshni  parameters,  and  from  8- 
band  k.p  calculations.  For  the  calculations,  a  small 
adjustment  to  the  InAs/GaSb  valence  band  offset  yields 
results  that  are  in  excellent  agreement  with  experimentally 
determined  values. 


1000/T  [K-'] 

Fig.2  Electron  concentration  and  sheet  density  for  electrons 
attributed  to  the  T2SL  layer  and  InAs  cap  layer,  respecti¬ 
vely.  The  electron  concentration  in  the  superlattice  exhibited 
a  Varshni-like  energy  dependence. 
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Abstract:  The  InAs/GaSb  type-ll  superlattice-based  complementary  barrier  infrared  detector  (CBIRD)  has 
previously  demonstrated  excellent  performance  in  long-wavelength  infrared  (LWIR)  detection.  Progress  in 
the  design  and  material  growth  of  these  detectors  has  enabled  LWIR  devices  with  cutoffs  near  10  pm  that 
have  near  zero  bias  operation  and  exhibit  a  dark  current  density  of  less  than  1  x  10  ®  A/cm^  at  77  K.  In  this 
paper  we  report  on  the  growth,  material  characterization,  single  device  and  array  performance  of  typical 
infrared  photodetectors  using  the  CBIRD  design. 

Keywords:  superlattice,  infrared,  focal  plane  array,  photodetectors,  GaSb,  InAs. 

1.  INTRODUCTION 

The  antimonide  material  system  consists  of  the  nearly  lattice-matched  semiconductors  of  InAs,  GaSb,  and 
AlSb  (and  their  pseudomorphic  alloys  with  InSb,  AlAs,  and  GaAs).  It  is  often  referred  to  as  the  6.1  A 
material  system',  since  InAs,  GaSb,  and  AlSb  all  have  lattice  constants  of  approximately  6.1  A.  High  quality, 
epitaxy-ready  GaSb  substrates  commercially  available  in  50,  75  and  100mm  diameters  have  enabled  the 
development  of  a  variety  of  semiconductor  devices  grown  by  techniques  such  as  Molecular  Beam  Epitaxy 
(MBE).  Additionally,  the  antimonides  have  emerged  recently  as  a  highly  effective  platform  for  the 
development  of  sophisticated  heterostructure-based  mid-wavelength  infrared  (MWIR)  and  long-wavelength 
infrared  (LWIR)  detectors,  as  exemplified  by  the  high-performance  double  heterostructure  (DH)^,  nBn®, 
XBn'',  and  type-ll  superlattice  (SL)  infrared  detectors®'®.  A  key  enabling  design  element  is  the  unipolar 
barrier®,  which  is  used  to  implement  the  barrier  infrared  detector  (BIRD)  design  for  increasing  the  collection 
efficiency  of  photo-generated  carriers,  and  reducing  dark  current  generation  without  impeding  photocurrent 
flow.  In  this  paper,  we  examine  the  growth,  material  quality,  device  and  array  performance  of  LWIR 
antimonide  superlattice  detectors  based  on  the  complementary  barrier  infrared  detector  (CBIRD)  design. 
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2.  COMPLEMENTARY  BARRIER  INFRARED  DETECTOR  (CBIRD) 

The  active  region  of  the  CBIRD  design  consists  of  a  p-type  InAs/GaSb  long  wave-length  infrared  (LWIR) 
absorber  SL  sandwiched  between  an  n-type  InAs/AISb  hole-barrier  (hB)  SL  (which  also  serves  as  the  top 
contact)  and  a  p-type  InAs/GaSb  electron-barrier  (eB)  SL.  The  hB  SL  and  the  eB  SL  are  respectively 
designed  to  have  approximately  zero  conduction  and  valence  subband  offset  with  respect  to  the  absorber 
SL,  i.e.,  they  act  as  a  pair  of  complementary  unipolar  barriers  with  respect  to  the  absorber  SL.  Underneath 
the  active  region  is  a  ~  1pm  thick  highly  n-doped  InAsSb  bottom  contact  region,  which  is  connected  to  the 
eB  SL  via  a  broken-gap  tunnel  junction.  The  entire  structure,  as  depicted  in  Figure  1,  is  grown  on  a  GaSb 
substrate  via  MBE,  with  an  n-type  GaSb  buffer  layer  which  is  not  electrically  active. 

3.  DEVICE  CHARACTERISTICS 

Photoluminescence  (PL),  Quantum  Efficiency  (QE),  and  dark  current  density  (Jd)  measurements  for  a 
CBIRD  device  are  shown  in  Figure  2.  The  CBIRD  structure^”  was  grown  on  a  Te-doped  GaSb(IOO) 
substrate  in  a  Veeco  Applied-Epi  Gen-Ill  molecular  beam  epitaxy  chamber  equipped  with  valved  cracking 
sources  for  the  group  V  Sb2  and  As2  fluxes.  The  active  region  of  the  structure  consists  of  a  300-period 
(44A,  21  A)-lnAs/GaSb  absorber  SL  sandwiched  between  an  80-period  (46A,12A)-lnAs/AISb  hole  barrier 
SL  on  top  and  a  60-period  {22k,  21  A)-lnAs/GaSb  electron  barrier  SL  on  the  bottom.  At  77K  the  LWIR 
mesa  devices  exhibited  a  peak  PL  at  9.6pm,  a  50%  peak  QE  cutoff  at  9.8pm  with  the  device  fully  turned 
on  at  zero  bias.  At  a  bias  of  0.1V,  which  is  in  the  range  typically  necessary  for  imaging  uniformity  in  focal 
plane  array  (FPA)  operation,  the  device  exhibited  a  dark  current  density  of  8x10  ®  A/cm^. 

4.  ARRAY  PERFORMANCE 

An  older  CBIRD  device  structure  grown  on  a  100  mm  GaSb  wafer  was  used  to  fabricate  a  320  x  256  LWIR 
Focal  Plane  Array  (FPA).  The  detector  array  was  hybridized  to  a  FLIR/Indigo  ISC0903  Read  Qut 
Integrated  Circuit  (ROIC)  and  the  hybridized  FPA  was  epoxy  under-filled  and  the  substrate  was  completely 
removed  with  the  removal  process  ending  on  an  epitaxially  grown  etch-stop  layer.  The  FPA  was  thermally 
cycled  more  than  30  times  and  no  noticeable  physical  or  electro-optical  degradations  were  observed.  The 
array  displayed  a  maximum  QE  of  54%  at  5.4pm,  and  a  cut-off  wavelength  (50%  of  peak  QE)  near  8.8pm, 
with  a  QE  Full-Width-Half-Maximum  (FWHM)  from  roughly  from  4.4pm  to  8.8pm. 


162 


Sample  imagery  as  well  as  the  experimentally  measured  Noise  Equivalent  Temperature  difference  (NEAT) 
histograms  distributions  of  the  CBIRD  FPA  at  78  K  operating  temperature,  128  mV  bias,  and  370  psec 
integration  time,  with  blackbody  temperature  at  298  K  and  an  f/2  cold  stop  is  shown  in  Figure  3^\  A  mean 
NEAT  of  18.6  mK  and  12  mK  was  achieved  at  FPA  operating  temperature  of  78  K  and  65  K,  respectively. 
The  results  demonstrate  that  the  antimonide-based  CBIRD  structure  can  be  used  to  produce  imaging 
arrays  with  performance  characteristics  suitable  for  many  challenging  LWIR  applications. 


5.  FIGURES 
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Figure  1 :  (ieft)  Caicuiated  zero-bias  energy  band  diagram  and  (right)  a  schematic  device  structure 
iayer  diagram  for  the  CBiRD. 
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Figure  2:  (ieft)  Dark  current  density  (J^)  as  a  function  of  appiied  bias  at  various  temperatures. 
Inset  shows  the  temperature  dependence  of  Jd  at  a  bias  of  0. 1 V.  (right)  77K 
photoluminescence  spectrum  and  QE.  Inset  shows  top-illuminated  spectral  OE  as  a  function  of 
applied  bias. 
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Figure  3:  (left)  ZS/CNEAT  histogram  and  (right)  contrast-optimized  outdoor  imagery  from  a  320x256 
LWIR  CBIRD  array. 
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EXTENDED  ABSTRACT 

Cadmium  Zinc  Telluride  (CZT)  is  the  leading  semiconductor  material  used  for  X-  and 
gamma-ray  detectors  operating  at  room  temperature  [1-2],  In  addition,  it  often  is  used  as 
a  substrate  material  for  infra-red  active/passive  sensor  devices  due  to  its  lattice-match 
with  mercury  cadmium-telluride  epilayers  [3-4],  However,  some  problems  remain  related 
to  its  bulk-  and  surface-properties  that  affect  its  widespread  deployment  in  both 
applications.  In  this  work,  we  focused  on  exploring  various  defects  that  extend  into  the 
near-surface  region,  and  also  investigated  the  surface-  and  interface-structures  after 
processing  the  sample  via  mechanical-  and  chemical-polishing.  We  investigated  different 
methods  for  generating  an  ideal,  smooth,  non-conductive  surface  for  growing  thin  films 
and  depositing  contacts.  We  determined  the  surface’s  features  and  chemical  species  by 
the  following  methods:  atomic  force  microscopy  (AFM),  X-ray  photoelectron 
spectroscopy  (XPS),  and  scanning  electron-microscopy  (SEM),  coupled  with  energy- 
dispersive  spectroscopy  (EDS)  and  wavelength-dispersive  spectroscopy  (WDS).  Also,  we 
revealed  various  defects  on  the  CZT  crystals’  surfaces  after  employing  selected  chemical 
etchants,  and  then  analyzed  these  defects  by  high-spatial-resolution  X-ray  response 
mapping.  X-ray  diffraction,  and  scanning  electron-microscopy  (SEM). 


157 


2 

We  scanned  for  the  presence  of  compositional  elements  over  the  surface  area  (2x2  cm  ) 
of  the  chemically  treated  CZT  surface  using  electron  dispersive  spectroscopy  in  the  high 
current  mode.  Fig.  1  displays  the  distribution  of  individual  elements  composing  the 
CZT’s  surface.  We  compared  the  distribution  of  Cd  and  Te  and  their  ratio  before  and 
after  the  chemical  treatment.  We  localized  the  compositional  variations  in  Cd  and  Te  at 
the  nanoscale  level  in  our  particular  detector-crystal.  The  variations  likely  were  due  to 
material-strain  field  and  secondary-phase  defects.  Ultimately,  we  are  working  to  correlate 
compositional  variation  with  the  material’s  non-uniformity  and  eventually  to  determine 
the  influence  of  such  material  features  on  the  response  of  the  fabricated  detectors. 


Fig.  1.  Images  of  elemental  mapping  of  a  CZT  crystal  by  electron  dispersive 
spectroscopy.  Non-homogeneous  elemental  distribution  was  revealed  in  nano-scale 
mapping. 

Also,  we  obtained  XPS  measurements  of  untreated-  and  treated-CZT  surfaces  and 
compared  the  ratio  of  Te/Cd  to  observe  the  change  of  the  surface  chemistry  of  CZT 
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surfaces  (Fig.  2).  The  stoichiometric  ratio  of  (Te/Cd)  of  a  chemical-etched  surface  was 
estimated  as  1.20  that  decreased  to  1.07  after  passivation  by  the  NH4F  agent. 


Fig.  2.  The  spectra  from  x-ray  photoelectron  spectroscopy  measurements  of  a  chemically 
treated  CZT  crystal.  The  Tellurium  3d  doublet  is  partially  shifted  to  a  higher  binding 
energy  forming  a  stable  TeOi,  but  the  Cd  3d  doublet  remained  the  same. 

We  also  analyzed  the  diffusion  profde  of  the  contact  metals  that  were  deposited  on  the 
chemically  treated  surfaces.  Fig.  3  demonstrates  some  of  our  results  on  the  oxidation  of 
chemically  treated  surfaces  and  the  diffusion  of  metals  at  the  interface. 


Fig.  3:  (a)  CZT  surfaces  were  oxidized  after  chemical  polishing,  (b)  Depth  profile  of  Au 
into  CZT  surface.  Mutual  diffusion  occurs  after  depositing  Au  by  e-beam  evaporation. 
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Our  experimental  data  imply  that  surface  defects  and  chemical  species  induced  by 
chemical  processing  alter  the  interfacial  behavior  and  ultimately  exert  a  significant 
influence  on  the  performance  of  radiation  detectors. 
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A  NOVEL  METHOD  FOR  INSITU  ESTIMATION  OF  Hgi.xCdxTe 

ETCH  RATE  IN  REAL  TIME 
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Abstract 

A  novel  and  non-invasive  method  to  estimate  the  insitu  etch  rate  (ER)  of  the  Inductively  Coupled 
Plasma  (ICP)  etched  Hgi.xCdxTe  in  real  time  is  described.  Correlations  between  the  chuck  DC 
bias  and  2  different  flavors  of  Hgi.xCdxTe  detector  wafers  are  reported  with  R>0.94.  Estimates  of 
the  Hgi.xCdxTe  ER  for  all  the  samples  based  on  the  new  method  are  presented  and  compared 
with  the  actual  Hgl-xCdxTe  ER.  The  results  show  <3%  differential  between  the  actual  Hgl- 
xCdxTe  ER  and  the  estimated  insitu  Hgl-xCdxTe  ER. 

Introduction 

Fabrication  of  3'^^’  gen  infrared  detectors  requires  the  ICP  deep  dry  etching  of  mesa  trenches  to 
delineate  the  individual  pixels  whose  depth  is  critical  to  the  proper  functioning  of  the  detectors*. 
The  current  methods  of  achieving  this  involve  either  having  an  etch  stop  layer  beneath  the 
Hgl-xCdxTe  layer  for  end  pointing  or  breaking  the  etch  into  2  parts.  The  first  method  isn’t 
usually  applicable  as  typically,  the  thickness  of  the  Hgl-xCdxTe  layer  is  much  deeper  than  the 
target  trench  depth.  The  second  currently  used  method  suffers  from  long  cycle  times,  higher  cost 
of  wafer  processing,  increased  risk  of  damage  to  wafer  and  increased  risk  of  reduced  yield.  Since 
the  Hgi.xCdxTe  ER  depends  upon  a  variety  of  factors  (which  can  vary  from  wafer  to  wafer) 
including  but  not  limited  to  the  photolithography  step  prior  to  etch*,  the  trench  width*,  chuck  DC 
bias  voltage*,  Hgi.xCdxTe  x  value^,  variable  amount  of  inert  gas  during  etch^,  and  wafer 
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temperature"^  and  since  the  etch  process  exhibits  process  drift  and  unpredictable  shifts  in  behavior 
due  to  chamber  conditioning,  incoming  wafer  variability  and  other  unpredictable  effects  of 
chamber  maintenance  activities,  one  cannot  assume  a  constant  Hgl-xCdxTe  ER  for  a  particular 
group  of  wafers  as  this  could  lead  to  a  scrap  event.  Hence  a  method  is  required  which  is  easy  to 
implement,  non-invasive,  accurate,  and  reduces  cost  and  saves  money.  Such  a  method  to 
estimate  the  ER  of  the  Hgi_xCdxTe  in  real  time  is  described.  In  this  work,  the  output  parameters 
from  the  ICP  etcher  are  evaluated  for  their  correlation  with  the  Hgi_xCdxTe  ER.  The  chuck  DC 
bias  voltage  is  seen  to  correlate  with  the  Hgi_xCdxTe  ER  significantly  for  the  2  different  flavors 
of  samples.  Estimates  of  the  Hgi_xCdxTe  ER  using  the  new  method  are  compared  against  the 
actual  Hgi-xCdxTe  ER. 

Experimental 

Two  different  flavors  of  detector  designs  were  used  for  this  study.  Both  samples  A  and  B  are 
Long  Wave  (LW)  MBE  Hgl-xCdxTe  grown  on  a  Cadmium  Zinc  Telluride  (CZT)  substrate  with 
sample  B  having  a  different  array  pattern  than  sample  A.  All  sample  wafers  were  processed  in 
identical  fashion  prior  to  etch.  After  ICP  plasma  dry  etching,  the  ground  etch  depth  of  the 
Hgi_xCdxTe  samples  was  measured  (using  a  confocal  laser  microscope\optical  profilometer)  from 
which  the  average  Hgi_xCdxTe  ER  was  calculated.  All  sample  data  was  collected  over  a  period  of 
about  a  year  during  which  time,  the  ICP  etcher  was  vented  for  scheduled\unscheduled 
maintenance.  The  ICP  process  chamber  utilizes  two  1.2  KW  RE  generators  supplying  power  to 
the  antenna  coil  and  the  wafer  electrode  respectively.  A  mechanical  clamping  mechanism  allows 
Helium  to  flow  between  the  wafer  carrier  and  the  water  cooled  electrode  and  thus  provides 
cooling  during  wafer  processing.  All  samples  were  etched  using  a  Hydrogen  based  etch  recipe. 
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Results  and  Discussions 


The  output  parameters  which  were  changing  from  run  to  run  and  thought  to  affect  the 
Hgi-xCdxTe  ER  from  the  tool  were  identified.  They  included  the  chuck  backside  gas  pressure,  the 
chuck  DC  bias  Voltage,  the  throttle  valve  angle  and  the  chuck  RF  power  matching  network 
tuning  and  matching  capacitors.  As  expected,  the  Hgl-xCdxTe  ER  best  correlated  (R>0.94)  with 
the  chuck  DC  bias  voltage  (figures  1  and  2).  Figures  3  and  4  show  a  <  3%  differential  between 
the  actual  ER  and  the  estimated  Hgl-xCdxTe  ER  for  samples  A  and  B.  The  estimated  Hgl- 
xCdxTe  ER  was  calculated  by  measuring  the  average  chuck  DC  bias  voltage  at  a  time 
significantly  shorter  than  the  total  etch  time  and  using  that  value  in  the  correlation  equation  to 
estimate  the  Hgl-xCdxTe  ER.  Thus,  if  one  were  to  run  another  of  the  sample  A  or  B,  all  we 
would  have  to  do  would  be  to  measure  the  average  DC  bias  at  any  time  during  the  run  and  then 
use  the  regression  equation  to  estimate  the  Hgi.xCdxTe  ER  and  hence  the  time  to  endpoint  at  the 
required  etch  depth. 

Conclusions 

It  has  been  shown  that  the  chuck  DC  bias  voltage  can  be  used  to  estimate  the  Hgi_xCdxTe  ER  in 
real  time.  The  methods  Hgl-xCdxTe  ER  estimate  is  accurate  to  within  3%  of  the  actual 
Hgl-xCdxTe  ER.  The  ability  to  measure  the  Hgl-xCdxTe  ER  insitu  and  endpoint  the  etch  at  the 
targeted  depth  would  be  invaluable  to  production  Hgi_xCdxTe  etch  processes  as  this  method 
would  reduce  cycle  time,  cost  and  wafer  damage  and  potentially  improve  yield.  Although  the 
data  presented  here  is  specific  to  the  tool  and  the  samples,  the  technique  is  robust  enough  to 
allow  its  application  to  create  similar  regression  fits  for  samples  in  other  etch  tools  to  estimate 
the  Hgl-xCdxTe  ER  in  real  time. 
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Abstract 

Quantum  Cascade  (QC)  detectors  are  better  suited  than  Quantum  Well  Infrared  Photo¬ 
detectors  (QWIPs)  for  imaging  and  high  speed  applications  owing  to  their  operation  at  zero  bias 
resulting  in  much  lower  noise  components.  The  II- VI  ZnCdSe  /  ZnCdMgSe  material  system,  with 
a  lattice  matched  conduction  band  offset  of  up  to  1.12  eV,  offers  the  possibility  of  developing 
broadband  and  multicolor  IR  detectors.  In  this  work,  we  report  recent  results  on  the  development 
of  the  first  II- VI  based  broadband  QC  detector. 

The  broadband  QC  detector  design  spans  the  wavelength  region  from  about  4  pm  to  about  10 
pm  and  consists  of  three  impedance  matched  active  cores  centered  at  5  pm,  6.8  pm,  and  8  pm 
respectively.  Fig.  1  shows  a  portion  of  the  conduction  band  of  the  5  pm  core  -  the  upper  detector 
state  is  a  doublet  to  improve  the  typically  low  carrier  escape  probability. 

As  shown  in  Fig.  2(a),  the  dark  current  density  decreases  by  3  orders  of  magnitude  from  about 
10  mA/cm^  at  300  K,  to  about  10  pA/cm^  at  80  K.  The  dark  current  density  at  300  K  is  over  2 
orders  of  magnitude  smaller  than  those  observed  in  QWIPs  operating  at  similar  wavelength  [Appl. 
Phys.  Lett.  102,  161107  (2013)].  It  can  also  be  noted  that  the  flat  IV  curves  at  higher  applied  bias 
is  indicative  of  very  good  noise  properties  in  the  detector.  Fig.  2  (b)  shows  an  Arrhenius  plot  of 
the  resistance-area  product,  indicative  of  the  Johnson  noise  in  the  detectors.  An  activation  energy 
of  147  meV  is  extracted,  which  corresponds  to  the  electron  leakage  path  En  (155  meV),  as  shown 
in  Fig.  1 . 
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Figure  1:  A  portion  of  the  conduction  band  of  the  5  pm  core  of  the  II  -  VI  broadband  QCD  at 
zero  applied  bias.  Starting  from  the  widest  well  on  the  left,  the  layer  thicknesses  (in  Angstroms) 
of  one  period  of  the  active  region  are:  44/24/15/20/18/20/22/20/26/20/32/14.  The  Zno.51Cdo.49Se 
wells  are  in  bold  and  the  Zno.29Cdo.26Mgo.45Se  barriers  are  in  normal  text.  The  4.4  nm  detection 
well  is  doped  to  a  doping  density  of  10^^  cm'^. 

Temperature  (K) 


Figure  2:  (a)  Dark  current  characteristics  as  a  function  of  temperature.  The  300  K  dark  current 
density  is  about  10  mA/cm^,  about  2  orders  of  magnitude  smaller  than  QWIP  based  detectors  at 
similar  wavelength,  (b)  Arrhenius  plot  of  the  resistance-area  product,  indicative  of  the  Johnson 
noise  in  the  detectors,  yield  an  activation  energy  of  147  meV. 

This  work  has  been  supported  by  MIRTHE  (NSF-ERC),  and  NSF  CENSES  award. 
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Dislocation  Etching  Solutions  of  HgCdSe 
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The  bandgap  of  HgCdSe  can  be  tuned  across  the  infrared  (IR)  spectrum,  and  it  is  closely 
lattice-matched  to  GaSb  which  is  available  as  a  large  area  substrate.  Thus  HgCdSe  could  be 
grown  on  GaSb  substrates  with  low  dislocation  densities,  making  it  suitable  for  long  wave 
infrared  (LWIR)  applications.  Etching  solutions  typically  used  for  etch  pit  density  (EPD) 
measurement  of  CdTe  and  HgCdTe,  such  as  the  Everson  etch  and  Benson  etch,  proved 
ineffective  for  HgCdSe.  Thus  a  new  preferential  etching  solution  for  (21 1)B  HgCdSe  needs  to  be 
developed. 

Solutions  of  HNO3,  HCl,  and  various  buffering  agents  were  found  to  produce  trapezoid¬ 
shaped  pits  on  (21 1)B  HgCdSe  as  seen  in  Figure  1.  These  pits  were  regularly  shaped  and 
oriented  in  the  same  direction,  suggesting  they  are  related  to  the  crystallography,  but  the  pits 
often  had  flat  or  curved  bottoms  rather  than  converging  to  a  single  point  as  expected.  One 
solution  of  HN03:HC1:H3P04  (20:10:5)  managed  to  produce  hexagonal  pits,  as  seen  in  Figure  2. 
While  some  of  these  pits  appear  to  contain  debris,  other  pits  are  clear  and  converge  to  a  single 
point  as  expected.  This  could  suggest  that  the  curved  or  flat  bottoms  observed  previously  were 
due  to  re-deposition  of  material  during  the  etching  process.  Further  work  is  being  performed  to 
produce  a  more  consistent  etching  solution  for  EPD  measurement  of  HgCdSe. 

^  kevin.j.doyle30.ctr@mail.mil 
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Figure  1:  Hgo.84Cdo.i6Se  sample  viewed  under  Nomarski  lOOx,  (a)  unetched  and  (b)  etched  20  s  in  HNOsiHCl 
(2:1),  then  20  s  in  50%  H2SO4. 
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Figure  2:  HgCdSe  Sample  etched  20s  in  HN03:HC1:H3P04  (20:10:5)  viewed  under  (a)  Scanning  electron 
microscopy  (SEM)  l,196x,  (b)  SEM  2,554x  (c)  SEM  13,526x,  and  (d)  SEM,  and  (f)  SEM  16,098x. 
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Abstract 

This  paper  is  concerned  with  focal  plane  array,  FPA,  data  and  applying  analytical  and 
three  dimensional  numerical  simulation  methods  to  capture  the  right  physical  effects  and 
processes  limiting  performance.  For  shallow  homojunction  p^n  designs  the  temperature 
dependence  of  the  dark  current  data  for  T  <300K  depends  on  the  intrinsic  carrier 
concentration  of  the  Ino.53Gao.47As  material  implying  G-R  currents  of  origins  in  the 
depletion  regions  of  the  double  layer  planar  heterostructure,  DLPH,  photodiode.  In  the 
analytical  model  the  variations  are  modeled  with  a  G-R  like  perimeter  dependent  shunt 
current  conjectured  to  be  of  origin  at  the  InP/InGaAs  interface.  In  this  description  the 
fitting  parameter  is  the  effective  conductivity  Oeff(T)  in  mhos-cm  *.  Variation  in  the  data 
suggests,  Oeff(300K)  values  (1.2»10''*-  4.6»10'**  mhos-cm'*).  Substrate  removal  extends 
the  QE  spectral  band  into  the  visible,  however,  dead  layer  effects  limit  the  QE  to  10%  at 
a  wavelength  of  0.5  pm.  For  star  light-no  moon  illumination  conditions,  the  Signal/Noise 
ratio  is  estimated  to  be  50  at  an  operating  temperature  of  300K  A  major  result  of  the  3D 
numerical  simulation  of  the  device  is  the  prediction  of  a  perimeter  G-R  current  not 
associated  with  the  properties  of  the  metallurgical  interface.  Another  is  the  prediction  that 
for  junction  positioned  in  the  larger  band  gap  InP  cap  layer  the  QE  is  bias  dependent  and 
that  relatively  large  reverse  bias  >  0.9  Volts  are  needed  for  the  value  to  saturate  to  the 
shallow  homojunction  value.  At  this  higher  bias  the  dark  current  is  larger  than  the 
shallow  homojunction  value.  3D  numerical  model  and  the  analytical  model  agree  in 
predicting  and  explaining  the  measured  radiatively  limited  diffusion  current  of  origin  in 
the  n-side  of  the  junction.  The  calculations  of  the  area  dependent  G-R  current  for  the 
condition  studied,  is  also  in  agreement.  A  unique  value  of  3D  numerical  simulation 
methods  is  the  capability  to  mimic  real  device  architectures,  achieve  a  deeper 
understanding  of  the  real  physical  effects  associated  with  the  various  methods  of  junction 
formation  and  predict  how  device  designs  will  function. 
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Dense  array  effects  in  SWIR  HgCdTe  arrays 
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Abstract 

The  relatively  easily  tuned  bandgap  in  HgCdTe  photodetecting  arrays  makes  it  an 
interesting  candidate  for  extended  range  short  wave  infrared  detection.  Recent 
publications  report  short  wave  infrared  HgCdTe-based  focal  plane  arrays  with  15  pm 
pitch.  [1-3]  Depending  on  doping  levels  and  operation,  the  minority  carrier  diffusion 
lengths  for  these  arrays  may  exceed  the  pixel  dimensions.  [4—6]  In  these  domains, 
neighboring  junctions  in  the  dense  array  geometry  can  suppress  minority  carrier  densities 
and  gradients  and  reduce  lateral  diffusion  currents.  [7]  In  radiatively-limited  lattice- 
matched  dense  P^n  InGaAs  on  InP  arrays,  for  example,  the  dark  diffusion  current  falls  in 
proportion  to  the  pixel  volume  (area),  and  dark  diffusion  currents  can  be  expressed 
analytically  as  a  function  of  pitch,  diffusion  length,  junction  radius,  and  material 
constants.  [7]  See  Figure  1,  infra.  Unlike  InGaAs  photodetecting  arrays.  Auger 
recombination  makes  important,  if  not  necessarily  dominant,  contributions  to  intrinsic 
current  in  short  wave  infrared  HgCdTe  photodetectors.  Carrier  dynamics  relating 
specifically  to  dense  array  geometry  in  short  wave  HgCdTe  detectors,  however,  have  not 
been  expressly  studied  but  instead  are  often  suppressed  in  reported  data  by  averaging 
dark  currents  over  pixel  areas. 

Using  three-dimensional  quantitative  modeling  for  dense  arrays  in  convention 
double  layer  planar  heterostructures,  in  this  study  we  investigate  geometrical  influence  on 
minority  carrier  distributions  and  intrinsic  diffusion  in  dense  short  wave  infrared  HgCdTe 
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DLPH  arrays.  This  approach  highlights  several  geometric  effects,  including  Auger 
suppression,  negative  luminescence,  and  negative  differential  resistance.  Understanding 
these  mechanisms  lends  insight  into  device  design  and  operation  for  higher  temperature. 


This  work  was  supported  by  the  U.S.  Army  Research  Laboratory  through  the 
Collaborative  Research  Alliance  (CRA)  for  Multiscale  Multidisciplinary  Modeling  of 
Electronic  Materials  (MSME). 
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Fig.  1 :  Radial  geometry  factors  for  intrinsic  dark  current  suppression  with 
InGaAs  on  InP  dense  photodiode  array  given  Lp  =  25  pm. 
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An  overview  of  recent  improvements  in  the  understanding  and  maturity  of  linear  mode  photon  counting 
(LMPC)  with  HgCdTe  electron-initiated  APDs  is  presented.  The  first  HgCdTe  LMPC  2x8  format  array 
with  64  pm  pitch  was  a  remarkable  success  in  terms  of  demonstrating  a  high  single  photon  signal  to  noise 
ratio  (SNR)  of  13.7  with  an  excess  noise  factor  of  1. 3-1.4,  a  7  ns  minimum  time  between  events  (MTBE), 
and  a  broad  spectral  response  extending  from  0.4  pm  to  4.2  pm  [1-3].  The  main  limitations  were  a  greater 
than  lOx  higher  false  event  rate  (PER)  than  expected  of  >  1  MHz,  a  5-7x  lower  than  expected  APD  gain, 
and  a  photon  detection  efficiency  (PDE)  of  only  50%  when  greater  than  60%  was  expected.  This  paper 
discusses  the  reasons  behind  these  limitations  and  the  implementation  of  their  mitigations  with  new 
results. 

Eabricating  focal  plane  arrays  (EPAs)  with  a  mirror  metal  shield  to  block  the  readout  integrated  circuit 
(ROIC)  glow  and  optimizing  ROIC  biases  to  minimize  the  glow  resulted  in  PER  almost  an  order  of 
magnitude  lower  than  the  original  LMPC  results.  Increased  APD  gains  of  1910  and  the  reduced  PER 
enabled  single  photon  PDEs  of  60-75%  at  ‘‘ROIC  glow”  limited  FERs  of  less  than  200  kHz  across  the 
entire  array,  as  shown  in  Pigs.  1  and  2.  These  higher  PDEs  are  close  to  theoretical  predictions.  Pive  EPAs 
were  characterized  and  the  16-pixel  mean  PDE  vs.  PER  of  each  is  shown  in  Pig.  2.  The  three  EPAs  with 
the  mirror  blocking  metal  exhibited  a  5x  decrease  in  PER  compared  to  the  two  without  it.  All  of  the  EPAs 
shown  in  Pig.  2  were  vacancy  doped  except  A8327-8-2  which  was  copper  -i-  vacancy  doped  and  had  a 

*Supported  by  a  NASA  Advanced  Component  Technology  (ACT)  program 


139 


slightly  higher  PDE  due  to  its  expected  longer  electron  diffusion  length.  Also,  all  of  the  FPAs  shown  had  a 
single  layer  anti -reflection  (AR)  coating  of  ZnS  which  was  -92%  efficient,  except  A8327-20-2  which  had 
a  double  layer  AR  coating  of  ZnS/Si02  with  an  efficiency  of  greater  than  98%.  PDE  vs.  PER  was 
compared  on  sister  FPAs  A8327-14-1  and  A8327-14-2  which  were  identical  except  A8327-14-1  had  the 
mirror  blocking  metal.  Each  pixel’s  PER  is  <  200  kHz  on  A8327-14-1  at  the  optimum  threshold  of  4.8  mV 
yielding  PDE  >  50%  across  all  pixels  as  shown  in  Fig.  3.  Further  reductions  in  the  ROIC-glow  generated 
photons  are  expected  to  decrease  the  PER  to  few  tens  of  kHz  or  less,  limited  only  by  detector  dark  current 
as  shown  in  Fig.  4.  A  model  was  generated  which  explains  the  PDE  vs.  PER  curve,  including  the 
downwards  trend  after  the  peak  PDE  is  reached.  Excellent  fits  to  measured  data  were  obtained,  as  shown 
in  Fig.  5. 


Figure  1:  Measured  gain  vs.  voltage  curve  on  Pixel  1,1  of  A8327-8-2. 
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Figure  2:  16  pixel  mean  PDF  vs  FER  for  5  different  2x8  FPA’s  at  an  APD  bias  of  12.9  V.  The  3  FPAs 
with  the  mirror  blocking  metal  exhibited  a  5x  decrease  in  FER  compared  to  the  2  FPAs  without  it. 


1,1  1 ,2  1 ,3  1 ,4  1 ,5  1 ,6  1 ,7  1 ,8  2,1  2,2  2,3  2,4  2,5  2,6  2,7  2,8 
Pixel 


Figure  3:  FER  vs.  pixel  at  the  optimum  threshold  of  4.8  mV  yielding  >  50%  PDE  across  all  pixels  on  both 
FPAs. 
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Input  Referred  Dark  Current  Electrons/Second 


APDGain 

Figure  4:  Gain  normalized  dark  current  of  test  diodes  showing  a  maximum  effective  dark  count  rate  of 
less  than  30  kHz  at  gains  up  to  1900. 


Figure  5:  Modeled  and  measured  PDF  vs.  FER  data  on  A8327-14-1. 
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Si  and  InGaAs  Spatial  Wavefunction  Switched  (SWS)  FETs  with  II- VI  Gate  Insulators 

F.  Jain*,  P-Y.  Chan*,  M.  Lingalugari*,  J.  Kondo*,  E.  Suarez*,  P.  Gogna*’^,  J.  Chandy*,  E.  Heller^ 
*ECE  Dept.,  UConn,  Storrs,  CT  06269,  ^Intel,  Hudson,  MA,  ^Synopsys,  Ossining,  NY  10562 

Electron  wavefunctions  are  switched  spatially  from  one  quantum  well  to  the  other  by  varying  the 
gate  voltage  Vg  in  SWS-FETs,  which  comprise  coupled  quantum  wells  serving  as  the  transport 
channel.  The  presence  of  charge  in  a  particular  well  is  used  to  encode  four  states  00,  01,  10,  11. 
This  unique  property  is  used  for  2-bit  processing,  resulting  in  ultra-compact  high-speed  logic 
circuits  and  static  random  access  memory  (SRAM)  devices.  Experimental  data  including 
capacitance-voltage  peaks  in  Si  and  InGaAs  (Fig.  1)  multiple  quantum  well  channel  SWS-FETs 
has  verified  the  SWS  phenomenon.  Recent  simulations  have  shown  that  increased  barrier 
heights,  such  as  in  Ge-ZnSSe  quantum  well  SWS  FETs,  enhances  the  contrast  and  noise  margins 
(Eig.2).  In  addition,  wavefunction  switching  has  been  experimentally  observed  in  4  InGaAs  well 
SWS  devices  (Eig.  3  and  Eig.  4)  where  multiple  C-V  peaks  indicate  transfer  of  carriers. 

Replacing  quantum  wells  by  quantum  dot  superlattice  (QDSL)  layers  enhances  the  contrast  and 
noise  margin  in  SWS-EETs.  This  paper  presents  I-V  (Fig.  5b)  and  C-V  (Fig.  5c)  characteristics 
of  a  twin-drain  SWS-FET  (Fig.  5a)  comprising  4  layers  of  self-assembled  SiOx-Si  quantum  dots 
forming  two  quantum  dot  superlattice  layers  (QDSL),  serving  as  transport  channels.  ID-VD 
shows  lower  dot  layer  conducting  when  gate  voltage  is  in  the  range  of  1.8-2.0V  and  the  upper 
channel  conducting  above  2.3V.  The  C-V  plot  of  a  SWS  MOS  capacitor  manifests  peaks  in 
inversion  and  accumulation  (left  arrows)  due  to  carrier  switching  from  lower  to  upper  channel. 
The  quantum  simulations  are  presented  (Fig.  5d)  with  carriers  switching  from  Dot  Layer  4  (Vg  = 
0.2V)  to  Dot  Layer  1  at  Vg=0.9V. 
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Quantum  simulation  and  experimental  characteristics  of  InGaAs  SWS-MOS  devices  comprising 
of  two-to-four  quantum  well  channels,  fabricated  using  II- VI  gate  insulator  in  our  laboratory,  are 
also  presented.  SPICE  and  BSIM  models  are  also  being  developed  for  SWS  circuits. 
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Fig.  1(a)  MOCVD  growth  run  file 
for  a  2-channel  InGaAs  SWS  with 
InGaAs  wells  and  Alin  As  barriers. 
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Fig.  1(b)  Capacitance  gate  voltage  in  a 
2-well  InGaAs  SWS-MOS  device. 


Fig.  1(c)  Low  frequency  C-V  of  4- 
well  InGaAs  SWS  MOS  device. 


Simulation  of  3-channel  Ge  well/ZnSSe  barrier  SWS-FET: 
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Fig. 2(a).  Wavefunction  in  Ge 
well  W3  for  SWS-FET  of  Fig.  7. 


Fig. 2(b).  Wavefunction  in  well  Wl. 
Note  higher  confinement  than  Fig.  Ic. 


Fig.  3(c)  Carrier  density  in 
quantum  wells  QW3  and  QWl. 


Simulation  of  4-channel  InGaAs  SWS-FETs: 


Energy  Bands  -  Gamer  Concentration  (Vg=1.7) 


InGaAs  W3  (Vg=1.7V). 


Energy  Bands  -  Gamer  Concentration  (Vg-1  9) 


Fig.  3(b)  Carriers  mostly  in 
InGaAs  well  Wl  (Vg=1.9V). 


Voltage  (V) 


Fig.4  Experimental  C-V  characteristic  of 
a  4- well  InGaAs  SWS  MOS  in  inversion. 


136 


Quantum  Dot  Superlattice  Layer  (QDSL)  Si  SWS-FETs:  Experimental  and  Simulations 


Fig. 5  (a)  High  contrast 
4-  channel  2-drain 


Fig.  5b  ID-VD  of  2-drain  Fig. 5(c)  C-V  showing  peaks  in 

QDSL-SWSFET  fabricated  QDSL-SWS  Si. 


QDSL-SWSFET. 


0.01  002  0  03  0  04  0  06 

diitanc*  firom  gat*  (van) 

Fig.  5(d)  Simulation 
Ns2d=1-0x10"  cm'^  in  W4  at 
Vs  =  0.2V. 
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Intrinsic  broadening  of  the  mobility  distribution  of  bulk 
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Abstract 

Quantitative  Mobility  Spectrum  Analysis  techniques  have  been  applied 
to  the  study  of  numerous  semiconductor  structures  due  to  the  ability  to  si¬ 
multaneously  resolve  the  contributions  of  various  conduction  mechanisms 
such  as  bulk  and  surface  conduction.  However,  there  is  a  severe  lack  of 
reported  studies  on  theoretical  calculations  of  the  mobility  distributions 
of  semiconductor  structures  or  devices.  We  present  a  fundamental  study 
of  the  mobility  distribution  of  n-type  bulk  HgGdTe  by  numerically  solving 
the  Boltzmann’s  transport  equation  taking  polar  optical  phonon,  acous¬ 
tic  phonon,  ionized  impurity  and  alloy  scattering  into  consideration.  The 
shape  of  the  mobility  distribution  is  found  to  be  considerably  complex  and 
dependent  on  the  nature  of  the  scattering  interaction.  It  is  found  that 
polar  optical  phonon  scattering  results  in  multiple  peaks  in  the  mobility 
distribution  resulting  from  electron  conductivity  in  only  the  F  conduction 
band,  see  figures  1  and  2  for  computational  results  of  Hgo.7Gdo.3Te  at  a 
temperature  of  120K  and  an  electron  concentration  1  x  10^^  cm“^.  The 
computation  results  provide  insight  into  the  nature  of  electron  mobility 
distributions  and  can  assist  in  the  interpretation  of  experimental  Quanti¬ 
tative  Mobility  Spectrum  Analysis. 
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Figure  1:  Calculated  conductivity  density  and  mobility  as  a  function  of  electron  energy  of  bulk 
Hgo.7Cdo.3Te  at  a  temperature  of  120  K  and  an  electron  concentration  of  1  x  10^^  cm“^. 


Figure  2:  Calculated  mobility  distribution  of  bnlk  Hgo.7Cdo.3Te  at  a  temperatnre  of  120  K  and  an 
electron  concentration  of  1  x  10^^  cm“^. 
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The  Evolution  of  Kinetically-Limited  Lattice  Reiaxation  and 
Threading  Disiocation  in  Temperature-Graded 
ZnSe/GaAs  (001)  Metamorphic  Heterostructures 

T.  Kujofsa  and  J.  E.  Ayers^,  Electrical  and  Computer  Engineering  Department,  University  of 

Connecticut,  Storrs,  CT  06269-4157. 

I.  Abstract 

Metamorphic  buffer  layers  allow  tremendous  flexibility  to  design  novel  semiconductor 
heterostructures  for  application  in  various  microelectronic  and  optical  devices.  However, 
device  fabrication,  reliability  and  performance  are  limited  by  dislocation  defects  associated 
with  the  growth  of  highly  mismatched  systems  such  as  ZnSe  on  GaAs  substrate.  Thus, 
understanding  kinetically-limited  lattice  relaxation  and  development  of  a  plastic  flow  model 
applicable  to  multilayered  and  compositionally  graded  heterostructure  is  desirable  to  provide 
guidance  in  designing  ZnSe/GaAs  devices.  Previously,  we  reported  a  plastic  flow  model  for 
ZnSySei-y/GaAs  (001)  heterostructures  which  predicts  the  non-equilibrium  strain  relaxation  as 
well  as  misfit  dislocation  and  threading  dislocation  densities  by  accounting  for  (i)  the  time 
evolution  of  kinetically-limited  and  equilibrium  strain  relaxation,  (ii)  thermal  activation  of  glide, 
and  (iii)  misfit-threading  dislocation  interactions.  In  this  work,  we  have  studied  the  evolution  of 
kinetically-limited  in-plane  strain  and  threading  dislocation  densities  in  ZnSe/GaAs  (001) 
metamorphic  buffer  layers  with  arbitrary  temperature  grading  profile.  In  addition,  we  have 
investigated  the  effect  of  forward  versus  reverse  temperature  grading  cases  on  the  relaxation 
mechanism.  For  each  structure,  we  have  studied  the  temperature  grading  coefficient 
dependence  on  the  average  and  surface  kinetically-limited  in-plane  strain  and  threading 
dislocation  density.  Moreover  we  show  that  the  use  of  temperature  graded  buffer  layers 
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enables  the  design  of  ZnSe/GaAs  (001 )  heterostructures  with  high  surface  strain  values  which 
enhance  the  sweeping  of  threading  defects  and  therefore  yielding  device  structures  with  lower 
defect  densities. 

II.  Kinetically-Limited  Lattice  Relaxation  and  Dislocation  Dynamics  Model 

The  foundation  for  the  kinetic  model  used  in  this  work  is  derived  in  [1].  The  model 
predicts  lattice  relaxation  and  threading  dislocation  behavior  in  (001)  zinc  blende 
heteroepitaxial  layers  of  arbitrary  thickness  and  compositional  profile.  In  a  general 
semiconductor  heterostructure  with  lattice  mismatch  profile /(z) ,  the  rate  of  lattice  relaxation  at 
a  distance  z  from  the  interface  is  determined  by  the  glide  of  dislocations  in  the  underlying 
material,  and  is  given  by 

^^  =  msinacos/lr^5r(^)®^p(^“^jloVA(^)+PoK  ’  C-) 

where  k  and  b  are  constants,  b  is  the  length  of  the  Burgers  vector,  «  is  the  angle  between 
the  Burgers  vector  and  line  vector,  a  is  the  angle  between  the  Burgers  vector  and  the  direction 
in  the  interface  which  is  perpendicular  to  the  intersection  of  the  glide  plane  and  the  interface, 
Tefs  is  the  effective  stress  which  is  determined  by  the  difference  of  actual  and  equilibrium  strain, 

u  is  the  activation  energy  for  dislocation  glide,  k  is  the  Boltzmann  constant,  t  is  the 
temperature,  is  the  areal  density  of  misfit  dislocations,  po  is  a  constant  which  represents 
the  initial  sources  of  dislocations,  and  is  the  variable  of  integration.  The  effective  stress  is 
determined  by  the  difference  of  the  actual  and  equilibrium  strain  profiles  in  the  material  above, 
given  by 

/X  r2cosyAcos;i1  r/-[>«(l-v)[&ii(^)-^  (^)]l 

JJ.| - (Tz;) - 

where  h  is  the  layer  thickness,  y/  is  the  angle  between  the  surface  normal  and  the  slip  plane, 
/i  is  the  shear  modulus,  v  is  the  Poisson  ratio,  is  the  in-plane  strain,  and  is  the 
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equilibrium  in-plane  strain.  Embedded  within  the  kinetic  model  we  have  included  minimum 
energy  calculations  to  determine  the  equilibrium  structure  after  the  deposition  of  each  sublayer. 

Complementing  the  lattice  relaxation  model  we  have  also  included  dislocation 
interactions:  the  basic  types  of  dislocation  interactions  are  (i)  introduction  of  half  loops,  (ii) 
bending  over  of  existing  dislocations,  (iii)  annihilation,  and  (iv)  coalescence.  Therefore  the 
resulting  differential  equation  for  the  threading  dislocation  density  is 

= - 1M£) - c2d\z),  (3.) 

dz 

Jo 

where  Lmd(z)  is  the  length  of  misfit  dislocation  segments,  and  ^2  is  a  constant.  The  first  term 
in  (3)  accounts  for  the  interactions  between  misfit  and  threading  dislocations.  Considering 
mechanism  (i),  new  misfit  dislocations  are  introduced  via  half  loops  if  the  new  misfit 
dislocations  have  the  same  sense  (relax  the  same  sign  of  lattice  mismatch)  as  the  underlying 

misfit  segments.  This  corresponds  to  the  case  of  sign(PA(z))=signVpA{i;)d‘;  and  results  in  positive 

Jo 

dD{z)/dz.  With  respect  to  mechanism  (ii),  misfit  dislocations  are  produced  by  the  bending  of 
existing  threading  dislocations  if  these  misfit  dislocations  have  the  opposite  sense  (relax  the 
opposite  sign  of  mismatch)  compared  to  the  underlying  misfit  segments). 

III.  In-plane  Strain  and  Threading  Dislocations 

Lattice  relaxation  in  ll-VI  devices  exhibits  a  three  regime  (sluggish,  rapid,  saturation) 
behavior  as  observed  in  many  experimental  studies.  More  importantly,  strain  relaxation  of 
ZnSe/GaAs  (001)  occurs  much  more  gradually  than  predicted  by  the  Matthews  and  Blakeslee 
equilibrium  theory.  In  addition,  at  around  400°C  growth  of  ZnSe  layers  will  exhibit  a  transition 
from  compressive  to  tensile  strain  as  the  thickness  is  increased;  this  is  expected  on  the  basis 
of  the  differential  thermal  expansion  and  is  observed  experimentally  in  this  material  system. 
Therefore,  controlling  the  defect  density  is  crucial  in  designing  devices  with  fewer  threading 
dislocations.  Moreover,  the  kinetic  model  predicts  a  two  regime  behavior  for  the  evolution  of 
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the  threading  dislocation  density;  first,  there  exists  an  initial  build-up  of  the  threading 
dislocation  density  associated  with  layers  which  are  beyond  the  critical  layer  thickness  and  as 
the  layer  epilayer  thickness  is  further  increased,  D  is  inversely  proportion  to  thickness.  In  this 
work,  we  will  show  how  varying  the  temperature  grading  coefficient  and  grading  direction 
effects  the  kinetically-limited  in-plane  strain  and  the  surface  threading  dislocation  density. 
Moreover,  we  will  show  how  controlling  the  temperature  grading  period  could  lead  to  lower 
threading  densities. 
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Abstract 

Recently,  GaSb  has  been  proposed  as  a  new  alternative  substrate  for  growing  HgCdTe  epitaxial  layers 
for  next  generation  infrared  detectors.  The  principal  advantage  is  that  GaSb  is  better  matched  with  HgCdTe 
with  respect  to  lattice  constant  and/or  CTE  in  comparison  with  other  alternative  substrates  currently  under 
consideration,  such  as  Si,  GaAs  and  Ge.  In  our  recent  study,  CdTe  buffer  layers  grown  on  GaSb  substrates 
via  molecular  beam  epitaxy  (MBE)  demonstrate  a  material  quality  comparable  to  CdTe  grown  on  GaAs 
substrates  that  have  been  developed  in  our  lab  in  terms  of  crystal  quality,  despite  the  fact  that  the  growth 
conditions  of  CdTe  buffer  layers  on  GaSb  were  not  fully  optimized.  In  order  to  be  suitable  for  device 
applications,  high  quality  HgCdTe  layers  must  be  achieved  on  GaSb  alternative  substrates.  In  this  paper,  we 
present  a  preliminary  study  of  MBE  growth  and  structural  characterization  of  mid-wave  infrared  HgCdTe 
layers  on  CdTe/GaSb  alternative  substrates.  Generally,  the  HgCdTe  layers  grown  on  GaSb  substrates 
demonstrate  material  quality  comparable  to  MBE  grown  HgCdTe  on  GaAs  substrates  developed  in  our  lab 
in  terms  of  reflection  high-energy  electron  diffraction  (RHEED)  pattern  during  material  growth,  full  width  at 
half  maximum  of  X-ray  diffraction  (XRD)  peak,  and  etch  pit  density  (EPD),  the  details  of  which  are 
summarized  in  Table  1.  Furthermore,  transmission  electron  microscopy  (TEM)  and  electron  backscatter 
diffraction  (EBSD)  mapping  analysis  indicates  that  most  of  the  misfit  dislocations  generated  close  to  the 
interface  between  the  CdTe  buffer  layers  and  GaSb  substrates  are  relaxed  within  500~650  nm  away  from 
the  interface.  More  importantly,  the  misfit  dislocations  generated  near  the  interface  between  the  CdTe  buffer 
layers  and  HgCdTe  layers  are  relaxed  almost  completely  within  160~200  nm  away  from  the  interface, 
indicating  a  high  quality  HgCdTe  epilayer  can  be  achieved  if  the  growth  conditions  of  the  CdTe  buffer  layer 
and  HgCdTe  layer  are  optimized.  These  results  demonstrate  the  great  potential  of  GaSb  as  the  next 
generation  alternative  substrate  for  MBE  growth  of  HgCdTe  infrared  detector  materials. 
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Table  1  Some  characteristics  of  mid-wave  infrared  Hg/_;tCd;cTe  layers  grown  on  GaSb  and  GaAs 
substrates*. 


Alternative 

substrates 

X  valve  of 
Hgy.^CdJe 
layers 

HgCdTe  layer 
thickness 
(urn) 

CdTe  buffer 

thickness 

(urn) 

XRD 

FWHM 
(arc  sec) 

RHEED  pattern 
during  growing 
CdTe  buffer  layer 

EPD 

(xio®  cm'^) 

GaSb 

0.27  ~  0.32 

4.5  ~  5.3 

5.3  ~  5.7 

122-139 

long  and  uniform 

streaks 

2-10 

GaAs 

0.26  ~  0.32 

5.7  ~  6.7 

5.7  ~  6.7 

98-155 

long  and  uniform 

streaks 

8-40 

* 


representative  experimental  data  will  be  s 


hown  in  the  supporting  material  -  Figure  1. 


Figure  1  Representative  XRD  rocking  curves  and  surface  images  (after  EPD  etching)  of  Hgy.;tCd;,Te  (x=0.32) 
layers  on  GaSb  ((a)  and  (b))  and  GaAs  ((c)  and  (d))  substrates.  Insets  of  (a)  and  (c)  show  typical  RHEED 
pattern  during  the  growth  of  Flg/.;,Cd;,Te  (x=0.32)  layers  on  GaSb  and  GaAs,  respectively. 
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Abstract:  Double  heterostructures  were  produced  consisting  of  a  CdTe  film  between  two  wide  band  gap 
barriers  of  Cdl-xMgxTe  alloy.  A  combined  method  examining  both  the  excitation  intensity  dependence 
and  the  time  dependence  of  photoluminescence  (PL)  was  developed  to  quantify  both  radiative  and  non- 
radiative  recombination. 


1.  Introduction 

The  non-radiative  recombination  of  carriers  in  CdTe  is  largely  attributable  to  surfaces  and 
interfaces.  The  resulting  short  lifetimes  harm  various  aspects  of  device  performance,  such  as  the  open 
circuit  voltages  of  solar  cells.  An  understanding  of  both  radiative  and  non-radiative  recombination 
rates  is  crucial  for  predicting  device  performance.  ^ 

Wide  band  gap  barriers  of  Cdi.xMgxTe  alloy  are  known  to  greatly  reduce  non-radiative 
recombination  in  CdTe  by  passivation  of  the  surface/ To  better  understand  both  radiative  and  non- 
radiative  recombination,  double  heterostructures  were  produced  by  molecular  beam  epitaxy  (MBE).  A 
method  was  developed  to  characterize  interface-related  recombination  and  estimate  the  non-radiative 
recombination  coefficient. 
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2.  Barriers 


These  heterostructures  consist  of  a  CdTe  film  between  two  30  nm  thick  layers  of  CdMgTe, 
capped  by  a  10  nm  thick  layer  of  CdTe  to  prevent  oxidation  of  the  Mg.  Photoluminescence  (PL)  was 
measured  as  a  function  of  excitation  intensity  (PL-I)  using  a  nm  argon  ion  laser.  PL  was  measured  as  a 
function  of  time  after  a  fast  laser  pulse  (TRPL)  using  a  640  nm  fast  pulse  laser. 

To  determine  the  band  gap  and  composition  of  the  barriers,  high-resolution  X-ray  diffraction 
(HR-XRD)  and  angle-dependent  spectroscopic  ellipsometry  were  employed,  with  the  second  proving  to 
be  well-suited  to  characterizing  such  thin  layers.  The  barrier  was  modeled  as  a  collection  of  Cody- 
Lorentz  oscillators^  which  resulted  in  wavelength-dependent  optical  properties  that  could  be  fit  to  the 
ellipsometric  data.  Assuming  that  the  gap  corresponded  with  a  maximum  in  the  real  refractive  index  of 
the  barrier,  we  found  that  films  with  the  high  PL  intensity  were  achieved  with  CdMgTe  barriers  having  a 
band  gap  around  2.1  eV. 


3.  PL  Intensity  and  Lifetime 

Films  with  the  highest  PL  intensity  also  had  the  longest  TRPL  lifetime,  as  would  be  expected 
from  a  reduction  in  non-radiative  recombination.  The  PL  intensity  is  shown  in  Fig.  1  as  a  function  of 
excitation. 

The  fact  that  PL  intensity  increases  with  film  thickness  suggests  that  interfacial  recombination 
continues  to  be  the  primary  recombination  pathway  with  these  barriers.  To  properly  characterize  this 
situation,  as  seen  in  Fig.  2,  trap  charging  must  be  accounted  for,  in  addition  to  drift,  diffusion, 
generation,  and  recombination.  Minority  carrier  lifetime  and  surface  recombination  velocity  are  not 
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useful  approximations  in  high  injection,  preventing  an  analytical  solution.  A  numerical  simulation 
algorithm  was  created  to  simulate  the  PL  intensity,  both  in  steady-state  and  as  a  function  of  time.® 

The  simulation  quantitatively  reveals  interfacial  trap  densities  of  Nt=  2xlo“  cm'^.  In  addition  to 
interfacial  (Shockley-Read-Hall)  recombination,  direct  band-to-band  radiative  recombination  occurs, 
although  Auger  recombination  is  expected  to  be  negligible  for  CdTe.  Given  the  carrier  concentrations  n 
and  p,  the  rate  of  radiative  recombination  is  simply  found  from  R  =  Bnp.  Reported  values  of  the 
recombination  parameter  B  have  ranged  from  2-4x10'®  cm'V^.  However,  the  Van  Roosbroeck- 

Shockley  (VRS)  relationship  between  absorption  and  recombination  gives  B  =  1-3x10'“  cm'V^  depending 
on  the  absorption  data  used. 


We  have  found  that  using  the  VRS  relationship  allows  us  to  predict  the  TRPL  trace  of  our  films 
with  striking  accuracy,  using  the  value  Nj  from  the  PL-I,  without  free  parameters.  (Fig.  3.)  According  to 
these  calculations,  the  larger  values  of  6  in  the  literature  do  not  allow  for  the  possibility  of  the  observed 
decays  and  the  observed  PL-I  dependencies.  A  value  of  6  =  lxio“  cm  appears  to  best  suit  both 
datasets. 


• 

▼ 

■ 

Bare 

CdZnTe  SH 
CdZnSe  SH 

«• 

CdMgTe  SH 

1  micron  film 

1  micron  buffer 

0.5  micron  film 

1 .5  micron  buffer 

♦ 

CdMgTe  DH 

— 

Fit 

• 

1.5  micron  film 

0.5  micron  buffer 

Fig.  1  -  PL  excitation  intensity 
dependence  shows  the 
effectiveness  of  double  CdMgTe 
barriers  (DH).  Also  shown  is  the 
result  of  removing  the  back 
barrier,  forming  a  single 
heterostructures  (SH)  and 
allowing  the  photocarriers  to 
diffuse  into  the  bulk  substrate. 
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CdMgTe 


CdMgTe 


Fig.  2  Schematic  of  recombination  at  the 
interfaces  of  a  CdMgTe  /CdTe  double 
heterostructure. 


3  -  The  trap  parameters  resulting  from  the  fit  to  the 
PL-I  data  were  used  to  simulate  the  time  dependent 
distribution  of  carriers  after  a  pulse  of  generated 
electron-hole  pairs  -  without  the  use  of  any 
additional  parameters.  The  relationship  between 
simulated  PL  intensity  and  time  yields  a  decay 
consistent  with  the  experimental  time-resolved  PL 
(TRPL)  lifetimes  in  these  heterostructures. 
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Atomic  structure  of  the  CdTe  (001)  bonded  interfaces 
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CdTe  grain  boundaries  are  the  key  to  high  efficiency  solar  cells,  and  also  affect  the  optical  and  electrical 
properties.  To  understand  how  these  occur,  a  direct  correlation  of  the  atomic  and  electronic  structure  of 
grain  boundaries  is  critical.  Wafer  bonding,  which  enables  the  direct  integration  of  two  or  more  single 
crystal  wafers  with  controlled  surfaces  and  orientation,  is  a  key  technique  in  creating  a  single  boundary 
with  well  defined  crystallographic  orientations.  In  this  study,  we  demonstrate  the  fabrication  of  a  single 
boundary  between  two  identical  CdTe  (001)  single  crystals  by  wafer  bonding.  Interfacial  morphology 
and  atomic  arrangement  were  analyzed  using  HRTEM  and  HAADF-STEM.  HRTEM  image  of  the 
bonded  pair  with  a  relative  rotation  angle  of  0°  shows  a  well-bonded  single  boundary  along  the  [Oil] 
zone  axis.  The  diffraction  patterns  from  two  portions  of  bonded  pair  indicates  that  the  crystallographic 
orientation  relationship  of  the  bonded  pair  was  (001)//(001)  and  [011]//[011].  The  HAADF-STEM 
image  and  HAADF  intensity  profile  show  the  atomic  arrangement  at  the  interface. 

This  work  was  supported  by  the  DOE  BRIDGE  (DE-EE0005956). 

Presenter:  Ce  Sun,  Tel:  214-240-7610,  Fax:  972-883-5725,  e-mail:  ce.sun@utdallas.edu 
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Abstract:  We  demonstrated  antenna-assisted  mid-infrared  graphene  detectors  at 

room  temperature  with  more  than  200  times  enhancement  of  responsivity  (  0.4 

V/W  at  Ao=4.45  pm)  compared  to  devices  without  antennas  (<2  mV/W). 

©2013  Optical  Society  of  America 

1.  Introduction 

Graphene  is  an  attractive  material  for  optical  detection  due  to  its  broad  absorption  spectrum  and 
ultrafast  response  time.  However,  high-speed  graphene  detectors  so  far  are  still  limited  by  low 
responsivity  due  to  the  weak  optical  absorption  (only  2.3%  in  the  monolayer  graphene  sheet)  and 
short  photocarrier  lifetime  (<  1  ps)  [1].  Here  we  show  that  metallic  nanoantenna  structures  can  be 
designed  to  simultaneously  improve  both  light  absorption  and  photo-carrier  collection  in 
graphene  detectors.  The  coupled  antennas  concentrate  free  space  light  into  the  nano-scale  deep- 
subwavelength  antenna  gaps,  where  the  graphene  light  interaction  is  greatly  enhanced  as  a  result 
of  the  ultra-high  electric  field  intensity  inside  the  gap.  Meanwhile,  the  metallic  antennas  are 
designed  also  as  electrodes  to  collect  the  generated  photo-carriers  very  efficiently.  We  have 
demonstrated  room  temperature  mid-infrared  (mid-IR)  antenna-assisted  graphene  detectors  with 
more  than  200  times  enhancement  of  responsivity  (0.4  V/W  at  Ao=4.45  pm)  compared  to  devices 
without  antennas  (<2  mV/W). 


2.  Design  of  antenna-assisted  graphene  detectors 

Figure  1  (a)  shows  the  top  view  of  an  end-to-end  coupled  linear  antenna  array  on  a  graphene 
sheet  and  the  electrical  field  intensity  (|E|  /|Eo|  )  enhancement  distribution  obtained  by  the  finite 
difference  time  domain  (FDTD)  simulation.  Light  incident  from  free  space  is  tightly 
concentrated  into  the  near- field  in  the  antenna  gaps  (gap  size  -100  nm),  which  can  greatly 
enhance  the  light-graphene  interaction  [2]  and  thus  increase  light  absorption  in  graphene.  The 
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simulated  current  density  distribution  in  a  portion  of  the  graphene-antenna  structure  (indicated  by 
the  dashed  line  on  the  top  view)  is  shown  in  Fig.  1  (b).  The  current  density  distribution  clearly 
shows  that  the  current  flows  from  one  antenna  to  the  graphene  in  the  gap  and  then  to  the  next 
antenna,  as  indicated  by  the  dash-dotted  arrows  on  the  cross-section  view.  Thus  the  antenna  rods 
also  act  like  nano-electrodes,  which  can  effectively  collect  photo-carriers  generated  in  the 
nanogap  between  them  since  the  maximum  travelling  distance  for  the  photo-carriers  generated  in 
the  gap  to  reach  the  anterma  electrodes  is  the  gap  size  (<100  nm  in  our  designs).  In  this  nano¬ 
detector,  the  regions  with  high  carrier  collection  efficiency  automatically  overlap  with  the  region 
where  the  light  is  focused  and  the  majority  of  photo-carriers  are  generated.  Therefore,  the  light 
absorption  and  photocarrier  collection  efficiency  can  be  enhanced  simultaneously.  In  our 
experiment,  we  designed  the  end-to-end  coupled  antenna  structures  (antenna  length  900  nm,  gap 
size  60  nm)  in  a  2D  array  to  increase  the  light  collection  cross-section,  as  shown  in  Fig.  2  (c). 
During  the  device  fabrication,  a  monolayer  graphene  grown  via  Chemical  Vapor  Deposition 
(CVD))  was  first  transferred  onto  a  30  nm  dry  thermal  oxide  layer  on  a  highly  doped  silicon 
substrate.  Then  the  antenna  array  was  fabricated  on  the  graphene  sheet  by  electron  beam 
lithography  (EBL),  electron  beam  evaporation  of  10  nm  Pd  and  30  nm  Au,  and  a  lift-off  process. 

3.  Detector  performance  characterization 

The  wavelength  dependent  responsivity  of  the  antenna-assisted  graphene  detector  is  measured 
with  a  wavelength  tunable  QC  laser  (wavelength  range:  4.3  pm  to  4.7  pm).  Due  to  the  resonant 
nature  of  the  plasmonic  antennas,  the  responsivity  (photo-voltage  divided  by  the  total  incident 
power  on  the  sample)  exhibits  strong  wavelength  dependence,  as  shown  in  Fig.  2  (a)  for  a  device 
with  the  same  structure  design  as  that  in  Fig.l  (c).  The  responsivity  reaches  its  maximum  around 
4.45  pm,  which  is  very  close  to  the  peak  wavelength  (4.46  pm)  of  the  electric  field  enhancement 
in  the  antenna  gap  calculated  with  FDTD  simulation,  also  shown  in  Fig.  2  (a).  As  the  bias  current 
becomes  larger,  the  detector  responsivity  increases  monotonically  and  reaches  its  maximum 
(Rv~0.4  V/W)  at  Ids~4  mA,  as  shown  in  Fig.  2  (b).  Further  increasing  the  bias  leads  to  reduced 
responsivity,  probably  because  the  electric  field  in  the  graphene  channel  (>2  MV/m)  reaches  its 
breakdown  field.  A  comparison  between  the  photo-response  of  the  graphene  detectors  with  and 
without  antennas  is  shown  in  Fig.  2  (c).  With  antenna-enhanced  photo-carrier  generation  and 
collection,  the  photo-voltage  is  increased  by  more  than  200  times  compared  to  that  of  the 
reference  sample  at  the  same  laser  power.  According  to  the  FDTD  simulations,  the  absorption  at 
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the  antenna  resonanee  wavelength  is  enhanced  by  about  4~5  times  (from  ~2.3%  to  ~10%,  see 
more  details  in  supplementary  information  Ill)  compared  with  a  pure  monolayer  graphene  sheet. 
We  attribute  the  additional  40~50  times  improvement  to  the  much  more  efficient  carrier 
collection  via  metallic  antennas.  Moreover,  the-antenna  assisted  graphene  detector  shows  a  linear 
photo-response  as  the  incident  laser  power  increases  up  to  16  mW,  indicating  that  the  absorption 
is  not  saturated  despite  the  strong  field  enhancement  in  the  antenna  gaps. 

4.  Discussion  and  conclusion 

We  have  demonstrated  the  use  of  metallic  optical  antennas  to  simultaneously  enhance  the  optical 
absorption  and  photo-carrier  collection  efficiency  in  graphene  detectors  and  achieved  room 
temperature  mid-IR  antenna-assisted  graphene  detectors  with  more  than  200  times  enhancement 
of  responsivity  compared  to  reference  devices  without  antennas.  By  shrinking  the  detector 
element  to  deep  subwavelength  size,  it  is  a  promising  solution  to  achieve  high  speed,  ultra¬ 
compact  detectors  with  bandwidth  up  to  THz  range.  This  design  concept  can  also  be  applied  to 
the  graphene  detectors  in  other  wavelength  ranges,  such  as  near  IR  and  visible  wavelength,  and 
other  thin  film  detectors. 


Figure  1  (a)  Top  view  of  the  end-to-end  coupled  antennas  on  graphene  (top)  and  the  electric  field 
intensity  enhancement  distribution  on  the  surface  of  the  graphene  sheet  (bottom),  (b)  Top  view  of 
the  current  density  distribution  on  the  surface  of  the  graphene  sheet  (top)  and  cross-section  view  of 
the  current  density  distribution  in  the  middle  plane  of  the  antenna  (indicated  by  the  dashed  line  on 
the  top  view).  The  dash-dotted  arrows  indicate  the  path  of  the  current  flow,  (c)  A  3D  schematic  of 
the  antenna-assisted  graphene  photodetector  on  a  silicon  substrate. 
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Figure  2.  (a)  Measured  wavelength  dependent  photo-response  of  the  antenna-assisted  graphene 
detector  (top)  and  electric  field  intensity  enhancement  in  the  center  of  the  nano-gap  between  the 
plasmonic  antennas  obtained  with  FDTD  simulation  (bottom).  The  narrow  dips  on  the  photo¬ 
response  curve  are  due  to  absorption  lines  of  gas  molecules  in  the  air  or  on  the  sample  (mainly 
C02).  (b)  Measured  responsivity  of  the  antenna-assisted  graphene  detector  as  a  function  of  the 
biased  current  IDS  at  VGS=4  V.  The  inset  shows  the  VDS-IDS  plot  of  the  same  detector  when  the 
laser  is  off  (c)  Measured  photovoltage  response  of  the  graphene  detectors  with  and  without 
antennas  as  a  function  of  incident  laser  power. 
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Substantial  reduction  of  dark  current  in  photodetectors  is  a  prerequisite  for  High  Operation  Temperature  (HOT). 
HOT  MWIR  detectors  are  typically  meant  to  be  operated  at  150  K  and  beyond  while  preserving  performance 
characteristics  formerly  only  obtained  at  substantially  lower  temperatures  (typically  80  K  to  100  K).  We  compare 
here  two  sets  of  Hgi-a^Cd^^Te  back-illuminated  MWIR  photodetectors  grown  by  liquid-phase  epitaxy  (LPE):  set 
A  is  p-doped  by  Hg  vacancies  (Na  =  2  x  10^^  cm“^),  while  in  set  B  Au  is  used  as  acceptor  (Na  =  5  x  10^^ 
cm“^)  [1].  The  photodiode  junctions  are  defined  by  ion  implantation  into  the  p-type  layer,  with  maximum  donor 
density  Nd  =  lO^^crn”^.  The  number  of  Hg  vacancies,  well  known  to  be  connected  with  Shockley-Read-Hall 
(SRH)  recombination  centers  [2],  is  expected  to  be  much  lower  in  the  Au-doped  devices.  Indeed,  the  experimental 
dark  current  density  Jdark(l^)  (Figs.  1  and  2)  is  substantially  lower  in  set  B. 

We  calculated  Jdark{V;T)  for  both  sets  of  devices  with  a  3D  numerical  simulator  [3]  which  takes  into  account 
SRH,  Auger  and  radiative  generation-recombination  (GR)  mechanisms,  band-to-band  tunneling  (BTBT),  and  trap- 
assisted  tunneling  (TAT).  Impact  ionization  was  also  included  according  to  [4].  Auger  and  radiative  GR  rates  were 
treated  as  in  [3],  whereas  the  SRH  GR  rate  was  described  with  the  standard  model  by  Shockley  and  Read  [5],  [6]: 

D  ^ _ np-nj _ 

Tp  (n  +  nie/5(-B,-EF,))  +  r„  (p  +  ^  ^ 

Within  the  same  general  formulation  (1),  two  alternative  descriptions  of  SRH  processes  were  compared.  First,  in  a 
simplified  description  (SRH-1),  the  lifetimes  were  directly  assigned  for  each  operating  temperature,  and  the  trap 
energies  were  set  as  12],  where  E^pi  is  the  intrinsic  Fermi  level.  In  a  second,  possibly  more  physics-based 

approach  (SRH-2),  recombination  lifetimes  were  formulated  as  r^^p  =  cFn,pVth,n,p)  U]-  Here  Nf  is  the  trap 

density,  Vth,  n,p  is  the  electron/hole  thermal  velocity,  an,p  is  the  electron/hole  cross  section  on  traps,  and  the  trap 
energies  are  assumed  to  be  constant  with  respect  to  the  band  edges.  In  principle,  Eq.  (1)  should  be  able  to  better 
describe  the  temperature  dependence  of  trap-assisted  processes  within  the  SRH-2  approach,  thanks  to  the  presence 
of  thermal  velocities  Vthn,p  in  the  expressions  of  r^^p.  In  the  present  analysis,  the  Ntcr  product  was  assumed  to  be 
the  same  for  electrons  and  holes  [8],  [9]  and  to  be  temperature-independent. 

Within  the  SRH-1  approach,  a  good  fitting  of  the  Edark(i^;  T)  characteristics  for  set  A  up  to  the  largest  value  of 
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reverse  bias  Vbias  =  — 3  V  required  the  inclusion  of  both  BTBT  and  TAT  (Fig.  1,  left).  With  SRH-2,  on  the  contrary, 
the  Jdark(f^;  curves  were  well  reproduced  (especially  up  to  Vbias  =  —0.5  V)  without  the  inclusion  of  TAT  (Fig.  1, 
right). 

The  simulation  of  set  B  did  not  require  any  tunneling  contribution  up  to  Vbias  =  —3  V,  at  all  temperatures.  The 
dark  currents  obtained  with  the  SRH-1  and  SRH-2  formulations  are  presented  in  Fig.  2,  where  the  significantly 
better  agreement  allowed  by  the  SRH-2  approach  for  all  values  of  Vbias  and  T  may  be  appreciated. 

Tables  I  and  II  report  the  parameters  of  the  SRH-1  and  SRH-2  models  determined  in  the  present  analysis, 
corresponding  to  the  calculated  characteristics  of  Figs.  1  and  2.  These  parameters  strongly  suggest  that  not  only 
the  lower  dark  current  observed  in  set  B  can  be  ascribed  to  a  lower  density  of  SRH  recombination  centers,  but  also 
that  the  performance  of  this  set  of  detectors  is  essentially  Auger-limited. 

In  summary,  the  more  recent  technology  corresponding  to  set  B  allows  a  significant  reduction  of  the  dark  current 
because  its  reduced  trap  density  allows  both  a  decrease  of  Rsrh  and  a  suppression  of  tunneling  mechanisms.  From  a 
modeling  perspective,  the  contribution  of  impact  ionization  seems  crucial  to  obtain  a  good  fitting  for  set  B,  whereas 
BTBT  appears  to  dominate  in  set  A.  The  present  study  also  underlines  the  advantages  of  the  SRH-2  description, 
based  on  a  much  smaller  set  of  physically  meaningful  parameters,  over  the  simpler  but  less  predictive  SRH-1 
approach. 

The  analysis  of  the  complex  interplay  between  SRH,  BTBT  and  impact  ionization  processes  is  currently  in 
progress. 


[1]  R.  Wollrab,  W.  Schirmacher,  T.  Schallenberg,  H.  Lutz,  J.  Wendler,  and  J.  Ziegler,  “Recent  progress  in  the  development  of  hot  MWIR 
detectors,”  in  6th  International  Symposium  on  Optronics  in  Defence  and  Security  (OPTRO  2014),  (Paris),  Feb.  2014. 

[2]  M.  A.  Kinch,  F.  Aqariden,  D.  Chandra,  P.-K.  Liao,  H.  F.  Schaake,  and  H.  D.  Shih,  “Minority  carrier  lifetime  in  p-HgCdTe,”  /.  Electron. 
Mater,  vol.  34,  no.  6,  pp.  880-884,  2005. 

[3]  M.  Vallone,  M.  Goano,  F.  Bertazzi,  G.  Ghione,  R.  Wollrab,  and  J.  Ziegler,  “Modeling  photocurrent  spectra  of  single-color  and  dual-band 
HgCdTe  photodetectors:  Is  3D  simulation  unavoidable?,”  J.  Electron.  Mater,  vol.  43,  no.  8,  pp.  3070-3076,  2014. 

[4]  M.  A.  Kinch,  J.  D.  Beck,  C.-F.  Wan,  F.  Ma,  and  J.  Campbell,  “HgCdTe  electron  avalanche  photodiodes,”  /.  Electron.  Mater,  vol.  33, 
pp.  630-639,  June  2004. 

[5]  W.  Shockley  and  W.  T.  Read,  “Statistics  of  the  recombinations  of  holes  and  electrons,”  Phys.  Rev.,  vol.  87,  no.  5,  pp.  835-842,  1952. 

[6]  J.  G.  Fossum  and  D.  S.  Lee,  “A  physical  model  for  the  dependence  of  carrier  lifetime  on  doping  density  in  nondegenerate  silicon,”  Solid-State 
Electron.,  vol.  25,  pp.  741-747,  1982. 

[7]  S.  M.  Sze  and  K.  K.  Ng,  Physics  of  Semiconductor  Devices.  Hoboken,  NJ:  John  Wiley  &  Sons,  3rd  ed.,  2007. 

[8]  S.  Krishnamurthy,  M.  A.  Berding,  Z.  G.  Yu,  C.  H.  Swartz,  T.  H.  Myers,  D.  D.  Edwall,  and  R.  DeWames,  “Model  for  minority  carrier 
lifetimes  in  doped  HgCdTe,”  J.  Electron.  Mater,  vol.  34,  no.  6,  pp.  873-879,  2005. 

[9]  S.  Krishnamurthy,  M.  A.  Berding,  and  Z.  G.  Yu,  “Minority  carrier  lifetimes  in  HgCdTe  alloys,”  J.  Electron.  Mater,  vol.  35,  no.  6,  pp.  1369- 
1378,  2006. 


114 


Fig.  1.  Set  A:  comparison  between  experimental  (symbols)  and  simulated  dark  current  densities.  The  model  includes: 
(left,  dashed  lines)  Auger,  radiative,  BTBT,  impact  ionization,  TAT  and  Rsrh  according  to  the  SRH-1  description; 
(right,  solid  lines)  Auger,  radiative,  BTBT,  impact  ionization  and  Rsrh  according  to  the  SRH-2  description. 


Fig.  2.  Set  B:  comparison  between  experimental  (symbols)  and  simulated  dark  current  densities.  The  model  includes: 
(left,  dashed  lines)  Auger,  radiative,  impact  ionization  and  Rsrh  according  to  the  SRH-1  description; 

(right,  solid  lines)  Auger,  radiative,  impact  ionization  and  Rsrh  according  to  the  SRH-2  description. 
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TABLE  I 

Parameters  adopted  eor  the  SRH-1  description. 


T,  K 

To  (n-region)  9 

Tb(p-region)9 

Ei  —  meV 

set  A 

112 

2.6 

0.9 

0 

128 

7.4 

2.6 

0 

142 

9.6 

3.3 

0 

164 

9.6 

3.3 

0 

set  B 

all 

2.4 

0.05 

0 

TABLE  II 

Parameters  adopted  eor  the  SRH-2  description 


region 

Ntcr,  cm  ^ 

Ec  —  Ei,  meV 

set  A 

p-doped 

0.01 

30 

n-doped 

0.8 

70 

set  B 

p-doped 

0.001 

30 

n-doped 

0.0018 
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DRS  Technoiogies  is  interested  in  using  moiecuiar  beam  epitaxy  (MBE)  FigCdTe  as  an  aiternative  to  its 
standard  iiquid  phase  epitaxy  (LPE)  doubie-sided  interdiffused  (DSiD)  process  for  smaii  pitch,  iarge  area  high- 
density  verticaiiy  integrated  pixei  (HDViP®)  focai  piane  arrays  (FPAs).  The  HDViP  architecture  uses  vias  to 
connect  the  FigCdTe  to  the  read-out  integrated  circuit  (ROIC).  Reducing  the  via  diameter,  necessary  for  small 
pitch  FPAs,  is  limited  by  the  thickness  of  the  FigCdTe.  LPE  material  is  typically  grown  >60  pm  thick,  which  must 
be  thinned  and  passivated  prior  to  mounting  on  an  ROIC.  The  thinning  process  can  result  in  thickness  non¬ 
uniformity,  which  can  lead  to  regions  of  disconnected  pixels  as  vias  fail  to  reach  the  ROIC.  Unlike  LPE,  MBE 
material  can  be  grown  to  the  desired  thickness.  Additionally,  one  or  both  passivation  layers  may  be  grown  in 
situ  with  MBE,  greatly  reducing  handling  and  processing  time  for  DSID  material. 

CdZnTe  (CZT)  substrates  were  grown  at  DRS  by  the  horizontal  Bridgman  method.  They  were  sawn  to  a 
(211)  orientation  and  polished.  The  CZT  substrates  were  then  shipped  to  EPIR  for  MBE  growth.  EPIR  grew 
MWIR  MBE  films  that  were  8  pm  thick  and  were  capped  with  CdTe.  The  MBE  films  were  shipped  back  to  DRS, 
where  they  were  annealed  in  a  Fig  ambient.  MBE  films  went  through  a  hybrid  DSID  process,  shown  in  Figure  1, 
which  is  similar  to  how  LPE  is  processed.  The  in  situ  CdTe  cap  was  used  for  B-face  passivation.  MBE  material 
was  epoxy-mounted  to  sacrificial  CZT  substrates,  followed  by  growth  substrate  removal  and  thinning  of  the 
FigCdTe  absorber  to  4  pm.  The  A-face  was  passivated  with  CdTe  and  ZnS.  The  samples  were  then  annealed  to 
interdiffuse  the  CdTe  layers  and  convert  the  material  to  p-type.  16  hybrid  DSID  bars  and  4  LPE  DSID  control  bars 
were  mounted  on  DRS1048  ROICs  (480x640, 12  pm  pitch).  FPAs  were  fabricated  using  an  established  FIDVIP 
process  flow. 
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FPAs  were  tested  in  lab  Dewars  from  110  K  to  170  K.  LPE  FPAs  behaved  as  expected,  indicating  there 


were  no  processing  issues  with  the  lot.  15  of  the  16  MBE  FPAs  passed  the  DRS  micro-IDCA  specification  at  110  K 
with  an  average  operability  of  99.84%.  MBE  FPA  performance  degraded  as  operating  temperature  was 
increased  due  to  noise  defects.  The  RMS  noise  defects  of  both  LPE  and  MBE  FPAs  are  plotted  in  Figure  2  at  110 
K,  140  K,  and  160  K,  along  with  n,  and  curves.  RMS  noise  defects  of  LPE  and  MBE  FPAs  followed  the  n,  curve 
and  not  the  curve.  Despite  MBE  and  LPE  material  having  similar  etch  pit  densities  of  le5  cm-2,  the  MBE  FPAs 
had  10  times  more  RMS  noise  defects  at  160  K  than  the  LPE  FPAs.  The  larger  number  of  noise  defects  observed 
in  MBE  FPAs  could  be  explained  by  a  short  lifetime  in  the  depletion  region  [1]. 

Further  evidence  of  a  short  lifetime  was  observed  in  dark  current  measurements  from  100  K  to  200  K, 
shown  in  Figure  3.  The  dark  current  was  modeled  with  two  components:  diffusion  current  from  the  p-side  and 
SRFI  current  from  the  depletion  region  [2].  The  p-side  diffusion  current  consisted  of  Auger?  and  vacancies,  and 
it  fit  the  data  at  temperatures  above  120  K.  Flowever,  at  100  K  and  110  K,  the  dark  current  could  not  be 
modeled  with  p-side  diffusion  current  alone.  A  SRFI  depletion  current  with  a  150  ps  lifetime  was  needed  to  fit 
the  data  at  100  K  and  110  K.  A  150  ps  lifetime  is  considerably  shorter  than  the  5  ms  lifetime  typically  observed 
in  LPE  DSID.  A  150  ps  lifetime  is  consistent  with  poor  FPA  performance  at  160  K  [3].  Work  is  underway  to 
understand  the  origin  of  the  short  lifetime  observed  in  MBE  films. 
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Figure  1.  Hybrid  DSID  process  used  to  prepare  MBE  material  for  HDVIP  FPAs.  The  as-grown  MBE  structure  (far  left)  is  mounted  onto  a 
sacrificial  CZT  substrate,  followed  by  substrate  removal  and  thinning.  The  HgCdTe  is  then  passivated  and  annealed  prior  to  mounting 
onto  an  ROIC. 
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Figure  2.  RMS  noise  defects  on  LPE  (n's  17,19,  and  20)  and  MBE  hybrid  DSID  FPAs  (^s  1-16)  at  110  K,  120  K,  140  K,  and  160  K.  Also 
plotted  are  n,  and  curves  for  reference. 
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A8437-6  Dark  Current  Modeling 
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Figure  3.  Dark  current  measured  on  A8437-6  and  modeled  dark  current  components.  The  dark  current  deviates  from  the 
Auger7+Vacancy  curve  at  low  temperatures,  which  can  be  explained  by  a  depletion  current  with  a  SRH  lifetime  of  150  us. 
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The  current  trend  in  IR  photon  detector  array  development  is  towards  very  small  pixels  for  high  resolution, 
low  dark  current  imaging.  Arrays  with  pitches  as  small  as  10  jim  have  been  demonstrated  [1]  and  5  /im 
pixels  are  being  investigated  in  the  DARPA  AWARE  program  [2].  Long  minority  carrier  lifetimes,  necessary 
to  maintain  low  dark  currents,  lead  to  diffusion  lengths  which  can  be  several  times  larger  than  the  pixel 
pitch.  Special  consideration  must  be  made  in  the  design  and  analysis  of  these  dense  arrays  due  to  electronic 
interaction  between  neighboring  pixels.  In  this  work,  we  explore  the  MTE  consequences  of  dense  array 
operation. 

Previously,  we  have  used  our  numerical  simulations  to  investigate  crosstalk  in  two-color  detectors  [3], 
nBn  devices  [4],  and  photon  trapping  arrays  [5].  Here  we  focus  on  planar  ion-implanted  p-on-n  arrays 
which  fit  the  dense  array  formalism  (^  <  Ld  and  t  <  Ld).  Our  models  have  been  used  to  investigate  the 
origin  and  geometry  dependence  of  lateral  diffusion  currents  in  InGaAs  double-layer  heterostructures  [6]. 
In  this  work,  we  extend  the  models  to  the  HgCdTe  material  system  with  a  focus  on  how  the  pixel  geometry, 
and  specifically  the  shape  of  the  implanted  junction  and  depleted  region,  influences  the  imaging  capabilities 
of  the  array.  The  modulation  transfer  function  (MTE)  is  calculated  and  used  to  quantify  results  as  shown  by 
the  authors  in  [7].  Use  of  numerical  models  allows  the  exploration  of  non-ideal  behavior.  Three  dimensional 
finite  difference  and  finite  element  simulations  allow  us  to  perform  a  wide  parametric  study  of  the  variables 
influencing  MTE  performance  of  dense  arrays.  Design  suggestions  for  improved  MTE  performance  are 
made  and  the  trade-offs  of  such  explored.  Results  are  specific  to  HgCdTe  detectors,  but  applicable  across 
material  systems. 

This  work  was  supported  by  the  U.S.  Army  Research  Laboratory  through  the  Collaborative  Research 
Alliance  (CRA)  for  MultiScale  multidisciplinary  Modeling  of  Electronic  materials  (MSME). 
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Eigure  1:  3D  schematic  view  of  the  planar  HgCdTe  arrays  considered  (left).  A  hexagonal  arrangement  of  the  diodes 
are  shown,  but  other  configurations  are  modeled  as  well.  Resulting  energy  band  diagram  (right)  of  the  device  shown. 


I  Electric  Field  I  (log  scale)  (V*cm^-1) 

50.000  155.687  484.768  1509.440  47X.000 


Hole  Current  Density  (A*cm''-2) 

0.001  0.004  0.017  0.072  0.300 


4  2  0  -2,  -4 

Eigure  2:  Spatial  profiles  of  the  magnitude  of  the  electrj^  field  (top)  and  the  hole  current  density  (bottom)  at  60  mV 
reverse  bias  showing  field  and  current  bunching  at  the  corners  of  the  implant.  The  geometry  of  the  implant,  and 
therefore  the  depleted  region  infiuences  the  collection  behavior  and  MTE  of  diffusion  dominated  dense  arrays. 
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INTRODUCTION 

Spatial  applications  are  challenging  infrared  (IR)  technologies  requiring  the  best  system 
performances.  It  requires  to  covering  the  entire  infrared  spectrum  from  SWIR  to  VLWIR 
with  various  pixel  sizes.  This  is  possible  thanks  to  a  well  mastered  Mercury  Gadmium 
Telluride  technology.  Because  of  its  adjustable  gap,  it  can  achieve  all  the  infrared  bands. 
Nevertheless,  technology  optimization  requires  a  deep  understanding  of  physical 
mechanisms. 

This  paper  presents  computations  by  finite  element  modeling  for  electro-optical 
performances  as  spectral  response  and  modulation  transfer  function.  Gomputations  and 
characterizations  for  all  infrared  bands  are  shown  to  highlight  the  accuracy  of  our 
simulation  and  the  state  of  the  art  of  our  technology,  with  the  physics  limited  performances 
obtained. 


EXPERIMENTAL  AND  COMPUTATION  RESULTS 


Gomputation  by  finite  element  is  frequently  used  in  order  to  compute  MTF  and  spectral 
Response  [1][2][3].  The  computations  presented  here  are  made  with  the  software  Atlas 
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form  Silvaco.  First,  the  model  is  calibrated  with  measurement  on  SOpm  pitch  in  the  entire 


infrared  band.  Figure  1  shows  measured  and  calculated  spectral  Response  for  SWIR  to 
VLWIR.  A  good  agreement  is  found  for  the  entire  infrared  band.  Then  the  parameters 
obtained  are  used  for  MTF’s  computations.  Figure  2  shows  a  comparison  between 
measured  and  calculated  MTF.  This  graph  shows  that  it  is  possible  with  the  same 
parameter  to  compute  spectral  response  and  MTF.  Moreover,  MTF  is  better  when  the 
cut-off  is  lower.  This  is  linked  to  the  variation  of  the  diffusion  length  with  Cadmium 
composition  which  is  larger  for  the  SWIR  band. 


Then,  computations  for  smaller  pitch  are  achieved  and  compared  to  the  measurement. 
Figure  3  presents  MTF  for  the  MWIR  band  with  different  pitch  from  30pm  to  10pm.  As 
expected,  when  the  pitch  is  reduced,  MTF  get  higher.  However  as  illustrated  by  figure  4 
the  Cross-talk  also  increased  because  of  the  lateral  diffusion  of  carriers[4].  Nevertheless 
state  of  the  art  crosstalk  results  are  obtained  down  to  the  10pm  pitch  [5], 


- VLWIR  55K 


Figure  1.  Normalized  spectral  response  for  different  infrared  band 
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Figure  2.  MTF  measurements  and  computations  for  different  infrared-band  at  30pm  pitch 
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Figure  3.  MTF  measurements  and  computations  for  different  pitch  at  MWIR  band 
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A  Systems  Analysis  of  the  Benefits  of  Small  Infrared  Detectors 


We  investigate  the  dependence  of  the  performance  of  a  background  limited  sensor  on  pixel  size.  The 
examination  of  resolution  and  sensitivity  includes  diffraction  and  detector  size  parameters,  but  good 
well  capacity  is  assumed,  antenna  effects  are  ignored  (and  is  appropriate)  and  a  quality  optical  system 
that  corrects  for  aberrations  is  assumed.  We  show  that  smaller  detectors  can  provide  the  same 
performance  as  larger  detectors  while  providing  reduced  system  swap,  a  less  complicated  system,  and 
reduced  overall  cost.  One  result  is  a  solid  state  imager  with  no  moving  parts  and  field  of  view  switch  for 
different  magnifications.  These  small  detectors  will  require  advances  in  optical  system  design  and 
detector  technology  including  the  readout  integrated  circuits. 

Ronald  G.  Driggers,  Ph.D. 

CEO,  St.  Johns  Optical  Systems 
1130  Business  Center  Drive 
Lake  Mary,  FL  32746 
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Molecular  beam  epitaxy  (MBE)  is  a  key  upcoming  technology  for  cost-effective  production 
of  MCT  infrared  focal  plane  arrays  (FPAs)  as  well  as  for  the  development  of  novel  3"^^ 
generation  IR  detectors.  A  separate  predominant  topic  in  the  MCT  community  is  the  demand 
for  high-operating  temperature  (HOT)  IR  detectors  across  all  wavelengths.  However,  little  has 
been  published  to  date  about  the  viability  of  MBE-grown  material  for  HOT  applications, 
especially  for  MCT  grown  on  alternative  substrates  such  as  GaAs,  Si  or  Ge.  This  is 
understandable,  since  MBE  is  still  a  relatively  new  technology  for  the  fabrication  of  MCT 
material.  HOT  development  usually  is  built  upon  the  basis  of  a  more  mature  and  better 
understood  fabrication  technique  such  as  liquid  phase  epitaxy  (LPE).  AIM  is  no  exception  in 
this  regard  and  has  achieved  much  progress  over  the  last  years  in  the  development  of  HOT 
technology  for  detectors  fabricated  by  LPE  [1]. 

In  parallel,  MBE  technology  at  AIM  has  achieved  a  high  level  of  maturity  and  reliability  [2]. 
To  further  improve  and  make  full  use  of  the  benefits  of  MBE  technology,  efforts  are  being 
started  to  incorporate  insights  and  techniques  from  the  development  of  LPE -based  material, 
especially  with  regard  to  HOT  applications,  into  MBE-based  projects. 

Some  aspects  which  were  found  to  improve  the  performance  of  devices  fabricated  from  LPE- 
grown  material  are  actually  much  easier  to  achieve  with  MBE  technology.  A  prime  example 
is  the  growth  of  a  cap  layer  with  a  graded  composition  region  leading  to  the  MCT  detector 
layer  [1,2]. 

In  this  contribution,  we  will  present  MWIR  detectors  fabricated  from  MCT  grown  by  MBE 
which  benefit  from  some  aspects  of  the  LPE -based  HOT  development.  All  MBE  layers  were 
grown  on  100-mm  (211)GaAs  substrates.  The  FPAs  were  processed  in  standard  planar  n-on-p 
technology  in  a  640  x  512  pixel,  15  pm  pitch  design. 

During  electro-optical  characterization,  pixel  operabilities  above  99.5%  for  operating 
temperatures  up  to  120  K  were  measured.  Fig.  1  shows  the  improvement  in  defective  pixel 

*Corresp.  author:  jan.wenisch@aim-ir.com,  Phone:  +49-7131-6212-187,  Fax:  +49-7131-6212-199 
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percentage  between  two  MWIR  detectors  before  (ball-shaped  symbols)  and  after  (triangle¬ 
shaped  symbols)  incorporation  of  HOT  technology. 


Fig.  1.  Comparison  of  two  MWIR  detectors  (640  x  512  pixels,  15  pm  pitch)  fabricated  from 
MCT  grown  by  MBE  on  GaAs  substrates.  Detector  A  (ball-shaped  symbols)  represents  the 
state  of  development  before  the  incorporation  of  HOT-technology  in  Detector  B  (triangle¬ 
shaped  symbols). 
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ABSTRACT 

Silicon  nitride  films  of  high  dielectric  quality  deposited  at  low  temperatures  are  attractive  for 
surface  passivation  of  HgCdTe  devices.  However,  there  are  few  reported  studies  on  SiNx  as  a 
passivation  layer  for  HgCdTe  and  related  compounds.  In  this  paper,  we  report  results  of  a 
study  of  SiNx  films  deposited  on  HgCdTe  epitaxial  layers  by  inductively-coupled 
plasma-enhanced  chemical  vapor  deposition  at  substrate  temperatures  between  80°C  and 
100°C.  Capacitance-voltage  measurements  on  SiNx/n-HgCdTe  metal-insulator- 
semiconductor  structures  indicated  that  Si-rich  SiNx  films  deposited  at  100°C  exhibit 
characteristics  that  make  them  suitable  as  surface  passivation  layers  for  HgCdTe-based 
devices. 

Conventionally,  high  quality  SiNx  films  for  surface  passivation  layers  are  typically 

deposited  at  temperatures,  in  the  200°C  -750°C  range,  that  are  relatively  much  higher  than 

the  maximum  allowed  HgCdTe  processing  temperature  (<120°C).  However, 

inductively-coupled  plasma-enhanced  chemical  vapour  deposition  (ICPECVD)  offers  the 

ability  to  deposit  relatively  high  quality  SiNx  films  at  temperatures  as  low  as  80°C. 

Low-temperature  (80°C-130°C)  SiNx  films  deposited  employing  ICPECVD  have  been 

reported  to  be  characterised  by  low  etch  rates  in  wet-chemical  etchants,  minimal  damage  to 

substrate  surface  during  deposition,  low  stress  and  high  breakdown  voltage  [1].  The  low  ion 

energy  of  the  plasma  source  in  the  ICPECVD  systems  enables  SiNx  films  to  be  deposited  on 

HgCdTe  without  significant  surface  damage,  and  this  was  confirmed  using  magnetic-field 

dependent  Hall  measurements  and  high-resolution  mobility  spectrum  analysis  (HR-MSA) 

carried  out  before  and  after  SiNx  deposition.  The  HR-MSA  results  indicated  an  increase  in 
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the  mobility  of  the  dominant  bulk  electron  after  SiNx,  an  effect  that  is  likely  due  to  hydrogen 
passivation  of  defect  centers  as  a  consequence  of  H  incorporation  during  the  ICPECVD 
process. 

In  order  to  determine  ICPECVD  SiNx  deposition  conditions  suitable  for  surface  passivation 
of  HgCdTe,  a  series  of  low-temperature  (80°C-100°C)  SiNx  films  were  deposited  on 
CdTe/GaAs  and  Si  substrates  under  different  deposition  conditions.  The  Si  substrates  were 
employed  as  reference  samples.  The  deposition  conditions  employed  are  detailed  in  Table  I. 
The  influence  of  ICP  power  on  the  quality  of  the  deposited  films  SiNx  films  was  assessed 
through  the  infrared  (IR)  absorbance  of  the  films.  The  IR  absorbance  of  each  film  was 
measured  on  the  day  of  the  deposition  and  was  monitored  during  the  six  month  period  (Fig. 
1).  The  SiNx/CdTe/GaAs  sample  labelled  C5-SiNx  deposited  using  ICP  power  of  600W 
appeared  to  be  porous  and  more  susceptible  to  oxidation  under  conventional  ambient 
conditions,  with  the  Si-O-Si  stretching  peak  appearing  at  1080  cm'',  as  shown  in  Fig.  1.  This 
Si-O-Si  oxidation  peak  has  been  reported  to  become  evident  when  SiNx  films  undergo 
oxidation  in  air,  as  reported  by  Eiao  et  al.  [2],  Chang  et  al.  [3]  and  Westerhout  et  al.  [4].  H2O 
in  the  air  (moisture)  has  been  found  to  be  responsible  for  the  oxidation  of  the  SiNx  films 
[2]. It  is  noted  that  although  the  SiNx/Si  reference  sample  showed  good  stability  over  six 
months,  the  results  from  SiNx/CdTe/GaAs  samples  suggest  that  high  ICP  power  conditions 
are  not  suitable  for  CdTe  or  HgCdTe  substrates.  Deposition  conditions  C2,  C3,  C4,  DI  and 
D4  showed  good  time  stability  in  terms  of  the  IR  absorbance  peaks  associated  with  exposure 
to  O2  and  H2O  in  the  atmosphere. 

The  HgCdTe  epilayers  employed  in  this  work  were  grown  in  a  Riber-32  molecular  beam 
epitaxy.  A  layer  of  2  um-thick  n^  Hgo.6Cdo.4Te  was  grown  on  CdZnTe  substrate  followed  by 
a  5um- thick  Hgo.os  Cdo.32Te  layer.  The  HgCdTe  wafer  was  then  diced  into  four  pieces,  and 
on  each  piece  SiNx  was  deposited  under  the  conditions  detailed  in  Table  II.  For  samples 
labelled  D1-80C,  D1-90C  and  Dl-lOOC,  the  SiNx  films  were  deposited  under  similar 
conditions,  varying  only  the  temperature  of  the  substrate,  with  samples  Dl-lOOC  and 
D4-100C  differing  only  in  the  SilLj/NHa  ratio  employed. 


96 


Student  Paper 


The  quasi- static  method  was  applied  to  extract  the  density  of  interface  states  D,,  at  77K,  as 
shown  in  Fig.  2.  All  the  four  D/,  curves  were  found  to  have  similar  mid-gap  value  but  differ 
from  each  other  when  the  surface  potentials  bend  more  towards  valence  and  conduction  band 
edges.  Du  levels  in  the  D4-100C  labelled  sample  were  lower  than  under  other  SiNx 
deposition  conditions,  except  for  the  sharp  increase  in  D,,  as  the  HgCdTe  surface  potential 
bends  near  the  edge  of  valence  band.  The  SiN^  deposition  conditions  for  sample  D4-100C 
were  found  to  results  in  a  SiN^/HgCdTe  MIS  structure  characterised  by  a  negative  fixed 
charge  density  of  -1.2  x  lo''  cm'^,  a  slow  interface  charge  density  of  4.3  x  10*°  cm'^,  and 
interface  state  density  D,,  of  4.0  x  10*°  eV'*cm’^.  These  results  are  significant  improvement 
on  the  best  reported  ECR-PCVD  deposited  SiN^  film  on  HgCdTe,  which  indicated  a 
negative  fixed  charge  density  of  -1.4  x  10**  cm'^  and  an  interface  state  density  Du  of  1  x  lo** 
eV'*cm'^  [5].  These  characteristics  suggest  that  ICPECVD  SiN^  films  deposited  at  relatively 
low  temperatures  (80°C-100°C)  have  significant  potential  as  surface  passivation  films  for 
HgCdTe-based  devices. 
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TABLE  I 

Summary  of  deposition  conditions  for  silicon  nitride  films  on  CdTe/GaAs  and  Si  substrates 


Batch  name 

Temperature  (°C) 

ICPRF 
power  (W) 

Gas  flow 
rates  (seem) 

C2-SiN^ 

80 

350 

i‘ 

C3-SiN^ 

80 

450 

i‘ 

C4-SiN;, 

100 

450 

i‘ 

C5-SiN^ 

100 

600 

i‘ 

Dl-SiN^ 

100 

350 

f 

D4-SiN^ 

100 

350 

11“ 

‘Flow  I  (seem):  SiH4:  6.9,  NH3:  10.3,  Ar:  120,  He:  131.1,  SiH4/NH3  =  0.67; 
‘Flow  II  (seem):  SiH4:  7.5,  NH3:  9.7,  Ar:  120,  He:  131.1,  SiH4/NH3  =  0.77. 
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TABLE  II 

Summary  of  deposition  conditions  for  silicon  nitride  films 
_ on  HgCdTe  substrates _ 


Sample 

name 

Temperature 

(°C) 

SiH4  flow 
rate  (seem) 

NH3  flow 
rate  (seem) 

SiH4/NH3 

ratio 

SiN, 

thickness 

(nm) 

[N]/[Si] 

ratio 

D1-80C 

80 

6.9 

10.3 

0.67 

285 

1.17 

D1-90C 

90 

6.9 

10.3 

0.67 

267 

1.07 

Dl-lOOC 

100 

6.9 

10.3 

0.67 

244 

1.02 

D4-100C 

100 

7.5 

9.7 

0.77 

202 

0.90 

Fig.  1  The  IR  absorbance  spectra  of  the  C5-SiN;c  film  on  CdTe/GaAs  substrate  monitored  in  six-month  period. 
The  films  were  allowed  to  age  in  laboratory  atmosphere.  Text  on  the  left  indicate  the  time  after  fabrication  that 
the  measurement  was  taken. 


HgCdTe  surface  potential  (eV) 


Fig. 2  Comparison  of  the  interface  state  densities  (D/^)  of  the  SilSlJn-Rgo,68^^o.32T'^  MIS  stmctures  extracted  by 
the  quasi-static  method  at  77K. 
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Cadmium  telluride  (CdTe)  has  gained  immense  importance  in  the  infrared  (IR)  detector 
industry  as  a  surface  passivant  for  mercury  cadmium  telluride  (Hgi.xCdxTe).  CdTe  is  nearly 
lattice-matched  with  Hgi.xCdxTe,  which  helps  reduce  the  number  of  dangling  bonds 
significantly.  Since,  it  is  a  higher  bandgap  material  than  Hgi-xCdxTe,  it  acts  as  a  good  minority 
carrier  reflector,  which  in  turn  increases  the  minority  carrier  lifetime.  A  high  minority  carrier 
lifetime  is  a  very  important  factor  in  the  performance  of  IR  detectors.  Additionally,  CdTe  is 
transparent  to  IR  radiation,  has  a  high  resistivity  and  is  also  mechanically  harder  than  Hgi. 
xCdxTe.  With  the  increase  in  complexity  of  IR  detector  structures,  conventional  methods  of 
CdTe  deposition  like  evaporation  became  outdated  and  chemical  vapor  deposition  (CVD) 
gained  prominence  [1,  2].  Earlier  work  reported  in  the  2013  workshop  had  demonstrated 
the  conformal  deposition  of  CdTe  on  high  aspect  ratio  Hgi-xCdxTe  structures  at  temperatures 
as  low  as  135°C  [3].  A  significant  improvement  in  minority  carrier  lifetime  was  also  reported 
on  Hgi-xCdxTe  samples  with  a  thin  passivation  layer  of  CdTe  deposited  at  135°C.  The  major 
drawback  of  the  entire  process  was  the  slow  rate  of  deposition  of  CdTe  (50  -60  nm/hr)  at 
such  a  low  temperature.  This  work  presents  a  new  reactor  design  and  process  to  increase 
the  rate  of  deposition  of  CdTe  at  temperatures  less  than  150°C. 

A  home-built  horizontal  hot-wall  metalorganic  CVD  reactor  was  used  for  the  deposition  of 
CdTe  passivation  films.  Ultra  high  purity  (UHP)  hydrogen  was  used  as  the  carrier  gas. 
Dimethylcadmium  (DMCd)  and  Di-isopropyltellurium  (DIPTe)  were  used  as  the  metalorganic 
sources  for  cadmium  and  tellurium  respectively.  The  hot-wall  configuration  consists  of  two 
clamshell  heaters.  All  experiments  were  carried  out  with  the  front  heater  set  to  600°C  and 
the  back  heater  turned  off.  This  helped  to  maintain  the  temperature  of  the  sample  below 
150°C.  Commercial  GaAs  (100)  and  Si  (110)  were  used  as  substrates  to  optimize  the  growth 
conditions.  A  new  graphite  cracker  cell  with  integrated  diffuser  was  designed  and 
incorporated  inside  the  hot-wall  reactor  to  increase  the  growth  rate.  Precursors  carried  by 
UHP  H2  enter  the  graphite  diffuser  maintained  at  higher  temperature  and  crack  into 
elemental  Cd  and  Te  in  the  enclosed  volume  between  the  integrated  graphite  diffusers. 
They  are  then  ejected  as  jets  through  the  small  holes  on  the  outlet  side  and  get  deposited 
on  the  sample  placed  at  the  middle  of  the  back  heater.  The  pressure  of  the  reactor  chamber 
was  maintained  between  6  and  9  Torr  for  all  depositions.  The  temperature  of  the  samples 
did  not  exceed  145°C. 


91 


With  the  implementation  of  this  cracker  cell  set  up,  the  CdTe  deposition  rate  has  increased 
from  50  -  60  nm/hr  (without  graphite  cracker  cell)  to  over  420  nm/hr  using  a  total  H2  flow 
of  3.1  standard  litres  per  min  (sIm)  at  a  temperature  of  140°C.  A  set  of  experiments  have 
been  carried  out  by  varying  the  hydrogen  flow  through  the  main  line  and  keeping  the 
precursor  flows  constant.  Hydrogen  flow  has  been  varied  from  1.5  sIm  to  3  sIm  in  steps  of 
0.5  sIm.  Increase  in  deposition  rates  have  been  obtained  with  the  increase  in  total  hydrogen 
flow.  Energy-dispersive  X-ray  (EDX)  confirmed  the  Cd  to  Te  ratio  of  1:1  in  the  deposited 
CdTe  films.  The  higher  growth  rate  of  CdTe  passivation  layer  shortens  the  total  deposition 
time  for  a  required  thickness,  which  further  helps  to  keep  the  sample  at  lower  temperature. 
Scanning  electron  microscope  (SEM)  has  been  used  to  characterize  these  samples.  Figure  1 
shows  SEM  cross-sectional  images  of  CdTe  films  with  varying  hydrogen  flow  depicting  the 
increase  in  film  thickness  with  the  increase  in  hydrogen  flow.  The  surface  morphology  of  the 
deposited  CdTe  films  also  varied  with  different  hydrogen  flow.  As  seen  from  the  top  view 
SEM  images,  the  grain  sizes  increase  with  increase  in  the  hydrogen  flow.  This  is  illustrated  in 
Fig.  2. 

After  optimization  of  the  growth  conditions,  the  best  conditions  with  the  highest  deposition 
rate  of  CdTe  were  used  to  deposit  a  passivation  film  on  planar  as  well  as  patterned  HgCdTe 
substrates.  Maintaining  the  sample  at  a  lower  temperature  prevents  the  depletion  of 
mercury  from  the  HgCdTe  substrates,  thereby  reducing  the  chance  of  defects  and  interfacial 
traps.  A  uniform  CdTe  film  was  obtained  on  HgCdTe  substrates.  Though  the  coverage  is  not 
fully  conformal,  adequate  deposition  is  obtained  even  on  the  bottom  of  the  pattern.  The 
thickness  of  CdTe  film  deposited  in  one  hour  on  the  top  of  the  trench  structure  was  ~440 
nm  whereas  the  thickness  on  the  side  walls  was  only  ~165  nm  and  that  at  the  bottom  of  the 
trench  was  ~270  nm.  Figure  3  shows  the  conformal  coverage  obtained  on  a  patterned 
HgCdTe  substrate. 

Additional  work  is  being  done  to  improve  the  conformal  coverage  on  patterned  HgCdTe 
substrates.  The  optimized  results  will  be  reported  at  the  workshop.  Other  characterization 
results  of  the  deposited  CdTe  films,  like  photoconductive  decay,  will  also  be  presented  later. 
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Figures: 


Fig.  1:  SEM  cross-sectional  images  showing  the  increase  in  the  thickness  of  deposited 
CdTe  films  with  increasing  hydrogen  flow. 


H2  flow:  1.5  sIm 
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H2flow: 


1.5  sIm 


H2flow: 


2  sIm 


Fig.  3:  SEM  cross-sectional  innage  of  CdTe  deposited  on  a  patterned  HgCdTe  substrate 
for  passivation;  coverage  is  not  fully  conformal,  but  adequate  deposition  on  the 
bottom  of  the  trench  structure. 
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Due  to  the  adjustabie  cut  off  waveiength  ranging  from  0.7|im  to  30pm  and  the  avaiiabie  iattice-matched 
substrates,  HgCdTe  has  been  wideiy  used  for  appiications  from  the  short-waveiength  iR  (SWiR),  mid- 
and  iong-waveiength  iR  detector  (MWiR  and  LWiR).  The  emerging  inAsSb/AiAsSb  materiai  system  has 
aiso  found  appiication  in  MWiR  barrier  detectors  that  are  particuiariy  desirabie  for  their  high  working 
temperature  and  neariy  zero  vaience  band  offset  [1].  However,  despite  of  the  consistent  efforts  in 
expioring  new  device  architectures  to  reduce  dark  current  and  improve  quantum  efficiency,  the 
radiative  and  Auger  recombination  originating  from  the  intrinsic  properties  of  the  materiai,  impose  a 
fundamentai  iimit  to  the  device  performance.  Aithough  some  work  has  been  done  in  modeiing  the 
Auger  and  radiative  recombination  in  these  materiais  [2-4],  no  direct  comparison  is  made  among  these 
materiais  within  the  same  theoreticai  framework. 

in  this  work  direct  and  phonon-assisted  (PA)  indirect  Auger  and  radiative  recombination  is  investigated 
in  HgCdTe,  inAsSb  and  inGaAs  using  Green's  function  theory  and  fuii  band  structures.  Eiectron  seif 
energies  with  the  corresponding  spectrai  density  function  is  caicuiated  under  eiectron-phonon 
interaction  and  are  subsequentiy  used  to  find  the  PA  recombination  rate  [5-6].  in  particuiar,  Monte 
Cario  method  is  adopted  to  evaiuate  the  4-foid  integration  over  Briiiouin  zone  for  Auger  caicuiation.  The 
fuii  band  structures  empioyed  in  the  caicuiation  is  computed  from  the  empiricai  pseudopotentiai 
method  (EPM)  which  is  caiibrated  and  fitted  to  the  reai  band  features  from  experiment  such  as  effective 
masses  and  band  gap  energies.  Fig.  1  shows  the  band  structures  of  (a)  Hgi.^CdxTe  with  x  =  0.29  at  150K 
and  (b)  inAsi.xSbx  with  x  =  0.21  at  150K.  A  preiiminary  resuit  about  the  radiative  recombination  iifetime 
in  HgCdTe  and  inAsSb  is  presented  in  Fig.  2.  As  is  shown,  at  both  150K  and  200K,  the  HgCdTe  has  a 
siightiy  iarger  radiative  iifetime  than  that  of  inAsSb  in  aii  the  n-type  doping  considered.  On  the  other 
hand,  at  200K  the  radiative  iifetime  for  both  materiais  deviates  from  a  iine  due  to  the  high  intrinsic 
carrier  concentration  at  this  temperature,  whiie  at  150K,  the  iogarithm  of  iifetime  shows  a  perfect  iinear 
reiation  with  the  iogarithm  of  doping  concentration,  in  the  presentation,  we  wiii  further  demonstrate 
the  resuits  of  Auger  recombination  where  both  direct  and  phonon-assisted  indirect  transition  wiii  be 
discussed. 
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FIG.  1.  Band  structures  for  (a)  Hgo.71Cdo.29Te  at  150K,  (b)  lnAso.79Sbo.21  at  150K. 


FIG.  2.  Radiative  recombination  lifetime  as  a  function  of  n- 
type  doping  concentration  for  Hgo.71Cdo.29Te  at  150K  (blue, 
solid),  lnAso.79Sbo.21  at  150K  (red,  solid),  Hgo.71Cdo.29Te  at 
200K  (blue,  dashed),  lnAso.79Sbo.21  at  200K  (red,  dashed). 
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The  Future  of  Infrared;  III-Vs  or  HgCdTe? 
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The  future  of  infrared  systems  for  all  spectral  bands  is  being  driven  towards  ever-smaller  pixel 
pitches  and  ever-higher  operating  temperatures.  The  performance  requirements  of  such  systems 
with  regard  to  both  dark  current  and  noise  will  be  examined  for  the  materials  technologies  and 
device  architectures  that  are  in  vogue  today.  The  possibility  for  extending  the  operation  of  mid- 
and  long-wavelength  focal  plane  arrays  to  room  temperature  with  background-  and  diffraction- 
limited  performance  will  be  discussed,  together  with  the  potential  issues  that  must  be  addressed 
in  order  to  achieve  this  ultimate  goal. 
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Abstract 

The  performance  and  resolution  of  nuclear-radiation  detectors  is  substantially  affected  by 
crystal  defects.  The  main  factor  in  the  degradation  of  the  detector’s  performance  is  the  presence 
of  extended  and  point  defects  within  the  band-gap  of  the  material.  We  investigated  the  effects  of 
annealing  on  the  nature  and  the  densities  of  the  point  defects,  and  related  the  properties  of  the 
carrier  traps  with  the  resistivity  of  the  material,  and  ultimately  to  the  performance  of  the 
detectors.  The  main  technique  used  in  the  study  was  Deep-Level  Transient  Spectroscopy 
(DLTS).  We  studied  detectors  annealed  under  different  conditions,  such  as  annealing  under 
vacuum,  a  Cd  over-pressure,  a  dopant-containing  atmosphere,  and  a  Te  over  over-pressure.  We 
observed  that  the  material’s  electrical  resistivity  changed  drastically  after  annealing.  The  DLTS 
results  show  that  the  nature,  behavior  and  density  of  the  traps  changed  under  different  annealing 
conditions.  Some  defects  vanished  while  others  emerged  in  the  DLTS  spectrum,  leading  to 
changes  in  the  relative  concentration  of  most  carrier  traps.  In  this  research  the  relationships 
between  the  performance  of  detectors,  the  bulk  electrical  resistivity,  concentration  of  specific 
deep  traps,  and  annealing  conditions  will  be  reported. 

Keywords:  CdZnTe;  DLTS;  point  defects;  annealing;  trap  densities;  resistivity 
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Abstract: 

This  study  shows  the  use  of  a  ZnS  ZnMgS/ZnS  heteroepitaxial  tunneling  layer  in  a  non¬ 
volatile  memory  FET  to  maintain  threshold  voltage  stability.  This  quantum  well  layer  replaces 
instable  oxides.  We  show  graphical  simulations  of  this  high  K  tunneling  layer  and  fabrication  of 
InGaAs  device. 

Keywords:  InGaAs,  Non-volatile  memory  FETs,  FET  Simulation,  MOCVD  fabrication 

1.  INTRODUCTION: 

Recently  II- VI  tunneling  insulators  have  shown  stability  in  threshold  voltages  by 
reduction  of  interface  charge.  [1,2]  This  paper  focuses  on  the  use  of  these  E-VI  layers  for  InGaAs 
nonvolatile  memory  field  effect  transistors  (FETs).  In  traditional  NVMFET,  the  tunneling 
insulator  is  Si02,  this  yields  a  variable  oxide  charge,  leading  to  a  variable  threshold  voltage, 
creating  a  hurdle  to  continue  to  scale  down  memory  devices.  The  ZnS/ZnMgS/ZnS  tunnel 
insulator  provides  the  high  band  gap  needed  as  an  energy  barrier.  Since  this  barrier  is  single 
crystalline  in  nature,  charge  trapping  at  both  interface  is  negligible,  leading  to  a  consistent 
threshold  voltage.  The  device  schematic,  shown  in  figure  1,  uses  a  InP  substrate  for  the  InGaAs 
FET.  A  control  insulator  is  fabricated  on  the  floating  gate.  The  floating  gate  is  comprised  of 
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individually  cladded  germanium-oxide-  germanium  (GeOx-Ge)  quantum  dots.  This  creates  a 
favorable  threshold  voltage  shift  and  minimizes  gate  leakage.  Non-volatile  memory  field  effect 
transistors  (NVMFET)  threshold  voltage  is  determined  by  equation  1 .  The  contribution  from  the 
individually-cladded  quantum  dots  ins  shown  in  equation  2. 


Vr 


Qojt  _  ^  _  Q/S 


equation  1 


V  1  2ES1 


equation  2 


2.  INGAAS  NON-VOLATILE  MEMORY  SIMULATION 

Schrodinger's  equation  is  self-consistently  solved  to  provide  simulation  data  for  the  states 
of  the  InGaAs  non-volatile  memory  FET.[3,4]  These  simulations  are  shown  in  figure  2  .  This 
simulation  shows  the  charge  trapped  in  the  first  layer  oif  germanium-oxide  cladded  germanium 
quantum  dots.  The  It- VI  tunneling  layer  has  trapped  this  charge  because  of  its  high  band  gap. 
This  device  is  in  the  “I”  state.  As  you  lower  Vothe  charge  is  tunneled  back  into  the  channel. 


3.  INGAAS  NON-VOLATILE  MEMORY  FABRICATION 

These  devices  are  fabricated  using  metal-organic  chemical  vapor  epitaxy  (MOCVD).  The 
ZnS/ZnMgS/ZnS  are  grown  epitaxially  on  the  InGaAs  gate  material.  Each  layer  is  approximately 
50  A  thick.[5]  Even  though  there  is  large  lattice  constant  mismatch  between  the  tunneling  layer 
and  the  substrate,  the  grown  layers  are  smaller  than  the  critical  layer  thickness  and  do  not  relax. 
These  fabricated  InGaAs  FETs  are  tested  and  give  the  characteristic  Id-Vg  graph  shown  in  figure 
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4.  FIGURES 
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Figure  2.  Simulation  of  Charge  in 
the  GeOx-Ge  floating  gate  of  an  II- 
VI  InGaAs  non-voIatile  memory 
FET 
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Floating  Gate  Nonvolatile  Memory  Structure 
Using  cladded  Germanium  Quantum  Dot  Channel  (QDC) 
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Abstract:  This  paper  aims  at  studying  the  effect  of  incorporating  lattice  matched  II-VI  layers  grown  on  Ge 
quantum  dot  channel  (QDC)  for  field  effect  transistors  (FETs)  and  nonvolatile  floating  gate  memory 
structures.  The  Id-Vg  characteristics  are  expected  to  be  significantly  improved  by  the  deposition  of  lattice 
matched  II-VI  layers  at  the  gate  of  the  QDC-FET.  The  device  operations  are  explained  by  carrier  transport 
in  narrow  energy  mini-bands  which  are  manifested  in  a  quantum  dot  superlattice  (QDSL)  transport  channel. 
Keywords:  quantum  dot  channel,  mini-band,  quantum  dot  superlattice 

1.  QDC-FET  and  Nonvolatile  Floating  Gate  Memory  Structures 

This  paper  describes  modeling  of  QDC  FETs  which  consists  of  two  layers  of  Germanium  cladded 
quantum  dots  in  the  channel  region,  and  two  layers  of  ZnSe  and  ZnMgSe  in  the  gate  insulator.  The  actual 
Id-Vg  characteristics  of  the  QDC  FET  without  the  II-VI  gate  insulator  are  shown  in  Figure  1.  This  paper 
also  describes  modeling  of  the  nonvolatile  floating  gate  memory  structure  where  two  layers  of  Germanium 
cladded  quantum  dots  are  added  to  form  the  floating  gate.  These  device  structures  are  shown  in  Figure  iK 
GeOx  cladded  forms  the  thin-barrier  (~lnm)  over  Ge  quantum  dots  (~3nm),  and  an  array  of  these  cladded 
quantum  dots  behaves  as  a  quantum  dot  superlattice  (QDSL)^.  The  Kronig-Penney  model  will  be  used  to 
determine  the  mini-energy  band  locations  and  energy  band  width,  and  the  simulation  will  use  a  self- 
consistent  solution  of  Schrodinger  and  Poisson’s  equations^. 
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2.  Theory  and  Simulation 

The  drain  current  Id  is  expressed  by  Equation  l'.  It  depends  on  number  of  mini-energy  bands  (i)  and 
Vds,  (signified  by  integer  j)'.  The  threshold  shift  AVth  depends  on  transfer  of  charge  to  the  mini-bands  (i) 
due  to  the  formation  of  quantum  dot  superlattice  in  quantum  dot  layers  in  the  gate  region' .  In  addition,  the 
saturation  current  Id  (sat)  is  expressed  by  Equation  2'. 
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These  two  equations  were  used  to  simulate  Id-Vd  characteristics  of  QDC  FETs,  and  simulation  results 
are  shown  in  Figure  3,  and  twenty  one  Vg  values  were  used  in  this  simulation.  In  order  to  simulate  Id-Vg 
characteristics,  these  Id-Vd  characteristics  were  transposed  to  Id-Vg  characteristics  and  shown  in  Figure  4. 
These  results  show  the  three  state  characteristics,  and  the  Id  current  peak  differentiates  the  first  and  the 
second  states,  and  the  current  saturation  state  is  considered  as  the  third  state.  Multi-state  FETs  are  needed 
in  multi-valued  logic  (MVL)  that  can  reduce  the  number  of  gates  and  transistors  in  digital  circuits^. 


3.  Figures 


Figure  1:  Id-Vg  Characteristics  of  QDC  FET  (Vd=0.75V) 


78 


student  Paper 


Adviser:  Dr.  Faquir  Jain 


Gate 


Figure  2:  Structure  of  Ge  QDC  FET  (left)  and  Floating  Gate  Nonvolatile  Memory  (right) 
Source;  F.  Jain,  et  al.  “Four-State  Sub-12-nm  FETs  Employing  Lattice-Matched  II-VI  Barrier  Layers.”  [1] 
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Figure  3:  Id-Vd  Simulation  of  QDC  FET 
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Figure  4:  Id-Vg  Simulation  of  QDC  FET 
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Abstract:  The  purpose  of  the  study  was  to  find  method  of  minimization  of  the  surface 
leakage  current  (SLC)  and  of  slowing  down  degradation  of  the  surfaces  (increase  of  the  SLC 
with  time). 

Keywords:  passivation,  (Cd,Mn)Te,  surface  leakage  current,  detectors. 

1.  INTRODUCTION 

The  seminsulating  (Cd,Mn)Te  crystal  was  grown  using  a  vertical  Bridgman  method.  The 
(Cd,Mn)Te  is  naturally  a  p-type  semiconductor  with  a  low  resistivity  due  to  Cd  vacancies 
acting  as  acceptor  centers  and  produced  when  Cd  atoms  escape  during  the  growth  proccess*. 
In  order  to  increase  crystal  resistivity,  we  used  compensation  of  free  holes  by  doping  with 
indium.  Samples,  cut  from  (Cd,Mn)Te  crystal,  were  used  in  the  investigations.  The  size  of  the 
platelets  was  5x5x2  mm^.  Thereafter,  we  annealed  samples  in  Cd  for  reducing  the 
concentration  of  acceptors  and  also  for  improve  the  overall  quality  of  the  crystal  by  reduction 
the  numer  of  second  phase  defects  and  inhomogeneities^.  The  material's  resistivity  were 
mapped  by  a  contactless  method  with  the  use  of  EU-p-SCAN  and  it  was  in  the  range  of  10^- 
10^  Qcm. 

2.  EXPERIMENTAL  PROCEDURE 

The  two  types  of  electrical  contacts  were  used  for  the  electrodes: 
1)  an  amorphous/nanocrystalline  layer  (300  pm)  of  heavily-doped  ZnTe:Sb  plus  an  Au  layer 
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(200  |xm),  as  shown  on  Figure  1,  both  evaporated  on  the  surfaces  of  the  platelets  in  the  ultra- 
-high  vacuum  (lO'^  -  lO'^®  Pa)  by  using  a  molecular  beam  epitaxy  (MBE)  apparatus, 
and  2)  a  chemically  deposited  Au  layer.  Before  depositing  the  contact  layers  in  MBE 
aparatus,  we  prepared  surfaces  of  the  crystal  platelets  by  the  following  steps: 

•  grinding  with  9.5  pm  AI2O3  powder, 

•  mechano-chemically  polisheding  in  a  2  %  solution  of  Br  in  methanol  +  glycol, 

•  selective  etching  (about  15  s)  in  a  1  %  solution  of  Br  in  methanol,  and, 

•  thoroughly  rinsing  in  methanol. 

The  chemical  deposition  of  Au  as  the  only  contact  layer  was  preceded  by  the  following 
processes: 

•  grinding  with  9.5  pm  AI2O3  powder, 

•  mechano-chemically  polisheding  in  a  2  %  solution  of  Br  in  methanol  +  glycol, 

•  etching  in  a  10  %  solution  of  Br  in  methanol,  and, 

•  thoroughly  rinsing  in  methanol. 

Subsequently,  Au  was  chemically  deposited  from  a  solution  of  AuCls  HCl -41120  (gold 
chloride  acid  +  distilled  H2O2)  in  a  reaction  between  the  solution  and  the  crystal’s  surface. 
Both  the  contacts  from  amorphous  layer,  and  chemically  deposited  Au  were  made  in  two 
configurations:  1)  center-spot,  and  2)  covering  both  parallel  faces  of  the  platelets. 
Figures  2.  (a)  and  (b)  present  both  cases. 

Before  any  chemical  treatment  of  the  surfaces  between  electrodes  (lateral  surfaces),  the 
electrodes  were  covered  with  a  protecting  layer.  Various  chemical  treatments:  1)  etching 
in  10  %  solution  of  Br  in  methanol  (60  s),  2)  etching  in  10  %  solution  of  Br  in  methanol  (30  s) 
and  then  etching  in  1  %  solution  of  Br  in  methanol  (120  s),  and  3)  etching  in  10  %  solution 
of  Br  in  methanol  (30  s),  etching  in  1  %  solution  of  Br  in  methanol  (30  s)  and  passivation  with 
ammonium  sulfide  (NH4)2S  (120  s),  were  tested  in  order  to  optimize  passivation  of  the  inter- 
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-electrode  surfaces.  We  used  a  Keithley  617  Programmable  Electrometer  with  very  high  input 
resistance  (>  lO'"^  f2)  and  with  an  internal  voltage  source  (up  to  100  V)  to  study  the  evolution 
of  the  current-voltage  characteristics  in  time  by  multiple  repeating  the  measurements  after 
hours  and  days.  We  used  “two-electrode"  measurements,  where  the  applied  voltage  is 
distributed  between  the  first  contact  region,  the  bulk,  and  the  second  contact  region,  see 
Figure  3. 

The  best  combination  of  chemical  substances  (based  on  (NH4)2S)  for  passivation  has  been 
chosen. 

The  secondary  ion  mass  spectroscopy  (SIMS)  was  used  to  investigate  time  evolution  of  the 
oxidation  level  of  the  (Cd,Mn)Te  crystal  surfaces  after  various  treatments,  beginning  from  the 
surfaces  just  after  polishing. 

3.  FIGURES 

ZnTeiSb 

amorphous  layer 

\ 

Figure  1.  Sample  with  the  contact  layers  deposited  in  MBE  aparatus. 

Figure  2.  Samples  with 
electrodes  (a)  center-spot 
contacts,  and  (b) 
covering  both  parallel 
faces  of  the  platelets. 
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Figure  3.  Geometry  of  electrodes  for  measuring  the  current-voltage  characteristics. 
Current  flow  is  represented  by  I,  and  voltage  by  V. 
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ABOUT  THE  NATURE  OF  n-TYPE  CONDUCTIVITY  OF  AS-GROWN  MBE 


Hgi-xCdxTe  LAYERS  AND  ITS  CHANGING  WITH  ANNEALING  IN  QUASI¬ 
EQUILIBRIUM  AND  EQUILIBRIUM  Hg  VAPOR 

Boris  Aronzon'\  Galina  Chekanova^\  Mikhail  Nikitin*^^  and  Niyaz  Talipov^^ 
'^Russian  Research  Center  “Kurchatov  Institute”,  Moscow,  Russia 
^^JSC  Shvabe-Photodevice,  Moscow,  Russia 
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Introduction 

Low  temperature  (<  100  K)  Hall-effect  measurements  performed  at  low  magnetic  field  B  < 
0.03  T  on  as-grown  MBE  Hgi-xCdxTe  (x  ~  0.180-0.350)  heterostructures  show  every  time  n- 
type  conductivity.  That  differs  radically  from  situation  with  as-grown  bulk  single  crystal 
material  and  as-grown  Liquid  Phase  Epitaxy  (LPE)  layers  where  p-type  conductivity  is 
evidenced  always  due  to  high  concentration  of  Hg  vacancies. 

Objective  of  the  present  work  was  to  measure  Hall-effect  on  as-grown  Hgi-xCdxTe  (x  =;  0.215- 
0.230  and  0.250-0.350)  heterostructures  in  wide  range  of  temperature  (4.2  K  -  300  K)  and 
magnetic  field  up  to  8  T  and  examine  the  impact  on  electro-physical  parameters  an  annealing 
in  quasi-equilibrium  and  equilibrium  Hg  vapor. 

MBE-grown  multi-layer  structures 

Study  was  accomplished  on  multilayer  Hgi-xCdxTe  (x  =;  0.215-0.230  and  0.250-0.350) 
heterostructures  grown  by  MBE  on  GaAs  (013)  substrates  with  ZnTe/CdTe  buffer  layers  [1]. 
Typical  composition  profile  is  shown  on  Fig.  1.  As-grown  hetrostructures  were  either  undoped 
or  In-doped  during  growth.  Electron  concentration  determined  on  as-grown  absorber  (working) 
layer  at  low  magnetic  field  was  every  time  as  low  as  n77=(I-8)xI0'"^  cm'^. 

Heterostuctures  were  annealed  in  quasi-equilibrium  and  equilibrium  Hg  vapor.  Annealing  was 
performed  in  evacuated  quartz  ampoule  with  independent  Hg  source  at  temperatures 
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THg/THgCdTe=228/248  and  THg/THgCdTe=230/230  traditionally  used  for  conversion  of 
highly  doped  (p77=10'’-10'^  cm'^)  p-type  as-grown  bulk  single  crystal  wafers  and  LPE  layers 
into  n-type  with  low  electron  concentration  n77=(l-8)xl0''^  cm'^.  Single  step  time  of  annealing 
was  equal  to  48-72  hours  that  provides  mercury  atoms  diffusion  through-the-thickness.  Total 
annealing  time  of  7-8  steps  was  equal  to  408-456  hours. 

Results 

Hall  constant  of  as-grown  samples  was  negative  in  temperature  interval  4.2  K  -  300  K  and 
demonstrates  seriously  non-linear  dependence  on  magnetic  field  up  to  8  T  (Fig.  2&3).  Samples 
look  like  n-type  with  significant  contribution  of  another  type  of  charge  carriers  with  lower 
mobility.  Calculated  electron  concentrations  and  Hall  mobility  are  shown  on  Fig.  4. 

After  first  annealing  step  last  from  48  to  63  hours  we  have  observed  conversion  of  conductivity 
type  in  undoped  and  In-doped  heterostructures  from  low  electron  concentration  n-type  to  p- 
type  with  hole  concentration  p77=(l-10)xl0'^  cm'^.  During  further  annealing  steps  hole 
concentration  has  grown  up  to  p77=(l-3-2.2)xl0*^  cm'^  and  then  stabilized  at  level  p77=(l-l- 
1.3)xl0*^  cm'^  (Table). 


Total  optical  transmission  in  infrared  spectral  range  was  lowered  significantly  from 
approximately  60  %  to  32-42  %  that  indicates  on  serious  growth  of  heavy  free  charge  carriers’ 
concentration  (Fig.  5). 


Thickness,  urn  Thickness, 


Fig.  1.  In-situ  measured  composition  “x”  profile  of  three-layer  MBE-grown  Hgi-xCdxTe 
epitaxial  structure  (point  0  pm  means  front  surface  of  CdTe  buffer  layer) 
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MBE  MCT  050722 


Fig.  2.  Dependences  of  Hall  coefficient  on  magnetic  field  at  different  temperatures: 
as-grown  absorber  (working  layer)  x  ~  0,220.  Composition  “x”  profile  -  on  Fig.  1  (left) 


Fig.  3.  Dependences  of  Hall  coefficient  on  magnetic  field  at  different  temperatures: 
as-grown  absorber  (working  layer)  x  ~  0,292.  Composition  “x”  profile  -  on  Fig.  1  (right) 


MBE  MCT  050722 


MBE  MCT  071128 


Fig.  4.  Dependences  of  calculated  electron  concentrations  and  Hall  mobility  on  temperature 
in  as-grown  absorber  (working  layer) 
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Table 


Typical  annealing  results 


Step 

No. 

Annealing 

conditions 

Tng/  iHgCdTe/tann 

0, 

Ohm“‘xcm“* 

Rh, 

cm^/C 

p, 

cm  ^ 

cm^xv  *xs  * 

1 

228/  248°  C/48  hrs 

2,8 

144,7 

4,4xlO'o 

410 

2 

228/  2480  C/63  hrs 

7,8 

33,4 

1,8x10'’ 

260 

3 

228/  248°  C/68  hrs 

12,6 

19,5 

3,0x10'’ 

260 

4 

228/  248°  C/72  hrs 

39,6 

5,7 

l,lxl0'« 

220 

5 

228/  2480  C/63  hrs 

39,6 

5,2 

1,2x10'* 

200 

6 

325/  3450  C/8  hrs 

42,3 

3,7 

1,7x10'* 

160 

7 

228/  2480  C/72  hrs 

35,1 

5,3 

1,2x10'* 

190 

8 

228/  2480  C/62  hrs 

39,0 

4,8 

1,3x10'* 

190 

Fig.  5.  Room  temperature  total  infrared  transmission  spectra  of  heterostructure 
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Abstract:  CdTe/GaAs(211)B  buffer  layers  which  were  grown  by  molecular  beam  epitaxy  (MBE) 
have  been  used  to  analyze  the  crystal  quality  and  dislocation  density.  The  optical  properties  of  the 
sample  were  characterized  by  ex-situ  spectroscopic  ellipsometry  (SE).  Ex-situ  SE  was  also  used 
to  assess  thicknesses  of  the  layers  and  the  results  were  compared  with  x-ray  reflectivity  (XRR) 
measurement.  A  portion  of  the  material  was  exposed  to  different  defect  decoration  methods  in 
order  to  investigate  their  effect  on  CdTe  buffer  layer. 

Keywords:  defect  decoration,  molecular  beam  epitaxy,  CdTe,  etch  pit  density. 

1.  INTRODUCTION 

In  order  to  minimize  the  lattice  mismatch  between  alternative  substrates  and  HgCdTe  needs  to  be 
grown  on  a  buffer  layer  such  as  CdTe,  CdZnTe  or  ZnTe.  Surface  defects  of  the  buffer  layer  leads 
to  some  problems  which  reduce  the  detector  and  focal  plane  array  performance.  Hence,  the 
crystal  quality  and  dislocation  density  of  CdTe  grown  on  alternative  substrate  needs  to  be  grown 
high  performance  HgCdTe  infrared  devices. 

Wet  chemical  etching  is  the  most  common  process  to  reveal  dislocations  which  are  caused  by  the 
large  lattice  mismatch  and  some  surface  imperfections  of  substrate.  Different  etch  techniques 
leave  the  different  pit  shapes  on  the  crystalline  surface.  Crystal  symmetry  along  the  direction 
perpendicular  to  the  surface  can  be  understood  by  monitoring  the  shape  of  etch  pits.  In  order  to 
determine  etch  pit  density,  we  can  use  some  different  etch  methods  and  calculate  the  density  of 
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dislocations  by  counting  the  number  of  etch  pits  per  unit  area.  Defect  decoration  etching  creates 
etch  pits  at  about  the  crossing  point  of  two  dislocations.  In  this  work,  we  compare  and  analyze 
etch  pit  density  results  of  CdTe  samples  grown  under  different  growth  conditions  by  using 
Everson,  Nakagawa,  Benson  etch  and  different  characterization  methods. 

2.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

CdTe  buffer  layers  on  GaAs(211)B  substrates  were  grown  by  MBE.  To  measure  the  thickness  of 
a  buffer  layer,  we  performed  the  SE  and  XRR  measurements  and  examined  the  results.  Both 
measurements  showed  that  the  thickness  of  a  CdTe  buffer  layer  was  approximately  2pm  (Figure 
1).  CdTe  sample  was  cut  into  several  pieces  and  used  standard  etch  pit  density  (EPD)  methods; 
however,  etching  times  were  kept  shorter  than  normal  etching  times  due  to  thickness  at  room 
temperature.  We  focus  our  investigation  three  different  etch  methods:  Everson  [1],  Nakagawa  [2] 
and  Benson  [3]. 

Table  1.  Defect  decoration  process,  volume  ratio,  etching  time  and  EPD  resulting  values. 


Etch  Method 

Volume  Ratio 

Etch  time  (s) 

EPD  (cm'^) 

Everson  (Lactic  acid:HNOg:HF) 

25:4:1 

15 

7.9x10^ 

25:4:2 

15 

9.3x10^ 

25:8:1 

20 

— 

25:4:0.5 

20 

8.6x10^ 

Nakagawa  (H^OiH^O^iHF) 

20:20:30 

20 

— 

7 

1.4x10^ 

Benson(H20:HCI:HF:HN03:Cr03) 

150:5:5:5:4 

15 

— 
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In  order  to  apply  the  etching  procedures,  wet  chemical  etchants  were  prepared  with  different 
volume  ratios  in  polypropylene  beakers  at  room  temperatures.  Next,  a  piece  of  the  sample  was 
dipped  into  these  mixtures  which  were  specified  at  Table  1  at  room  temperature.  The  whole 
procedure  of  wet  chemical  etching  included  application  of  different  EPD  etches,  cleaning  with  Dl 
water  and  drying  with  N2  blower  for  this  study.  The  etch  pits  were  observed  using  SEM  and  AFM 
to  investigate  diameter  and  depth  of  etch  pits  Figure  3  and  Figure  2.  The  areal  density  of  etch  pits 
was  obtained  by  manual  counting  and  by  using  software  program  from  the  SEM  images  (Figure 
3).  We  considered  the  effect  of  dislocations  on  Te,  CdTe  and  GaAs  vibrational  modes  which  were 
measured  with  Raman  spectroscopy  mapping.  In  the  Raman  spectroscopy  experiment,  Ar”"  laser 
was  used  with  488  nm  wavelength  at  room  temperature  (Figure  4). 


3.  FIGURES 

Figure  1.  Ex-situ  SE  measurement  results 
of  CdTe  thickness  value  (MSE:8.837). 


CdTe  Oxido 

CdTe  Oxide  Thickness:  29.59  A 

CdTe  Epilayer 

CdTe  Thickness:  1 9262.92  A 

GaAs  (211)B  Substrate 

Substrate  Thickness:  0.6000  mm 

Figure  2.  CdTe  (211)B  sample  after 
Nakagawa  etching  (20H20:20H202:30HF); 
(a)  2D  Topographical  image  (10pmx10pm) 
size  of  pits~0.74-1.29  pm,  (b)  3D 
Topographical  image  (lOpmxIOpm).  Same 
sample  after  Everson  (25Lactic 
acid:4HNO3:0.5HF)  etching;  (c)  2D 
Topographical  image  (lOpmxIOpm),  (d) 
cross  section  line  analysis  of  depth  of  etch 
pits~255-265nm. 
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Figure  3.  Topographic  SEM  images  of  CdTe  sample  after  (a)  Everson  (25Lactic 
acid:4HNO3:0.5HF),  (b)  Nakagawa  (20H20:20H202:30HF)  etching  and  (c)  counting  pits  by  a 
software  program  [4], 


Figure  4.  (a)  Optical  microscope  image  (40pmx40pm)  of  CdTe  sample  after  Everson  EPD 
etching,  (b)  125.262  cm'^  symmetry  Te  phonon  mode  [5],  (c)  143.797  cm'^  CdTe-like  TO 
phonon  mode  [5],  (d)  169.403  cm'^  CdTe-like  LO  phonon  mode  [5],  (e)  275.379  cm'^  GaAs-like 
TO  phonon  mode  [6]  Raman  intensity  changes. 
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Use  of  sub-bandgap  illumination  to  improve  radiation  detector  resolution  of  CdZnTe 
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Abstract:  We  investigated  the  performance  improvement  of  Cdi.xZOxTe  (CZT)  crystals  with  previously  known 
levels  of  intrinsic  defects  and  secondary  phases  (SP),  at  various  voltages,  LED  light  wavelengths  and  shaping 
times.  Although  our  setup  was  clearly  not  optimized  for  radiation  detector  performance,  it  demonstrated 
substantial  resolution  improvements  (based  on  FWHM  of  the  662  keV  gamma  (y)  peak  from  ^®^Cs  upon 
illumination  with  950  nm  light)  of  16  to  38%  in  comparison  to  un-illuminated  CZT  under  similar  conditions.  This 
presentation  will  include  discussion  of  the  electro-optic  behavior  and  its  effect  on  performance.  Additional  testing 
and  fabrication  of  a  detector  that  incorporates  such  LED  light  optimization  could  lead  to  improved  performance 
with  existing  detector-grade  materials. 

Keywords:  NIR,  secondary  phases,  CZT. 

1.  INTRODUCTION 

CdZnTe  or  CZT  can  be  used  as  an  X-ray  spectrometer  and  X-ray  imaging  in  the  medical  and  aerospace 
industries.  The  development,  fabrication  and  spectrometer  performance  of  CZT  has  significantly  improved  over 
the  last  20  yrs  with  performance  benefits  that  under  certain  conditions  begin  to  approach  that  of  commercial  Si 
and  Ge  detectors. One  performance  gap  was  narrowed  through  a  better  knowledge  of  internal  electric  field 
distribution  by  focusing  on  charge  traps  and  reducing  charge  collection  times  for  enhancing  y  interaction.®’^’®’®  As 
previously  shown,  the  internal  electric  field  of  CZT  can  be  altered  through  post  growth  manipulation  using  a 
variety  of  mechanisms.  ’  ’  One  of  the  least  invasive  methods  of  post-growth  manipulation  is  the  use  of 
superficial  illumination  to  interact  with  the  embedded  defects  located  in  mid-gap  energy  states.  The  wavelength  of 
illumination  acts  on  the  defect  density  in  the  mid-gap  states  to  alleviate  traps,  induce  in  some  cases,  an  electro¬ 
optic  effect,  and  significantly  increasing  the  carrier  collection. An  electro-optic  effect  with  CZT  can  be 
examined  using  a  Pockels-like  cell.  Recently,  the  electro-optic  effect  was  used  to  calibrate  nuclear  reactor 
pulses. During  Pockels,  near-infrared  (NIR)  radiation  interacts  with  charge  carriers  within  the  crystal  and  causes 
a  polarization  of  the  internal  electric  field  toward  the  cathode  (negative).^® 

The  internal  electric  field  of  CZT  has  been  examined  with  materials  that  either  have  or  possess  the  potential  of 
high  spectral  resolution.  We  have  previously  investigated  the  influence  of  applying  external  LED  illumination  (at 
an  optimal  power)  to  show  visual  evidence  of  the  liberation  of  charge  carriers  that  are  trapped  in  low  energy  mid 
gap  states  and  in  higher  energy  low  gap  states  through  Pockels  imaging.  A  possible  explanation  for  the 
enhanced  electric  field  polarization  includes  the  formation  of  a  soliton  resonance  intensity,  which  is  a  self-focusing 
process  that  occurs  in  illuminated  and  electrically-biased  CZT  crystals.  This  room -temperature-based  electro¬ 
optic  behavior  has  been  observed  in  materials  that  have  electrons  and  holes  as  charge  carriers,  such  as  CZT  and 
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lnP:Fe.^°  For  CZT,  this  type  of  extreme  electro-optic  performance  is  limited  to  material  doped  at  the  ~10^^  cm'^ 
level;  this  self-focusing  behavior  does  not  occur  in  undoped  material. Schwartz  and  colleagues  (2002)^®  have 
shown  that  in  the  absence  of  an  applied  electric  field,  the  path  of  a  circular  15  pm  diameter  light  beam  passing  (or 
propagating)  through  a  CZT  wafer  will  increase  in  diameter  by  roughly  three-fold  indicating  that  there  is  a  natural 
divergence  within  the  crystal.  Under  bias,  light  beams  can  be  focused  to  create  a  soliton  in  doped  CZT.  Schwartz 
and  colleagues^®  determined  that  there  is  a  linear  relationship  between  soliton  intensity  (self-focusing  behavior  for 
a  fixed  wavelength  and  entrance  beam  size)  and  illumination  background  intensity  (in  mW  cm'^)  and  that  this 
linear  relationship  extends  for  more  than  four  orders  of  magnitude. 

2.  PERFORMANCE  TESTING  AND  DISCUSSION 

The  two  CZT  materials  in  this  presentation  perform  very  well  as  radiation  detectors  under  more  optimized 
conditions.  For  example,  our  prior  work  with  these  crystals  has  shown  that  the  Redlen  crystal  had  a  FWHM  of 
1.6%  for  the  662  keV  peak  of  ^®^Cs,  using  a  1600  V  bias,  a  0.5  ps  shaping  time  and  single  pixel  geometry.  The  YT 
3-7-8  crystal  had  a  FWHM  1 .7%  for  the  662  keV  peak  of  ^®^Cs  using  a  bias  of  1000  V,  a  0.3  ps  shaping  time  and 
a  single  pixel  geometry.  Because  our  current  study’s  focus  was  to  examine  the  effect  of  sub-bandgap  illumination 
on  radiation  detection,  there  were  substantial  changes  in  detector  performance  setup  that  were  required.  Figure  1 
provides  an  image  of  the  detector  performance  measurement  setup.  Prior  work  with  these  crystals  in  other 
geometries  demonstrated  that  they  had  very  high  leakage  currents  (data  not  shown).  Although  measurements  of 
detector  resolution  were  possible,  they  were  of  poor  quality — in  the  several  tens  of  percent.  To  compensate  for 
the  high  leakage  currents,  a  layer  of  Au  was  added  to  four  sides  of  the  crystal  and  a  hemi-spherical  geometry  was 
used  with  both  crystals  as  noted  in  the  methods.  Due  to  high  leakage  currents  with  the  Redlen  crystal  in 
particular,  a  Frisch  grid  was  also  used. 

Table  1  shows  that  sub-bandgap  light  illumination  improved  the  resolution  under  all  conditions.  At  a  shaping  time 
of  2.0  ps,  there  was  better  energy  resolution  at  low  voltage  (500  V)  for  the  1000  nm  illumination  but  in  the 
absence  of  illumination,  better  resolution  was  obtained  at  1000  V.  At  a  lower  shaping  time  (0.5  ps),  a  voltage  of 
1500  V  and  illumination  at  1000  nm,  the  energy  resolution  was  better  than  that  at  a  higher  shaping  time  of  2.0  ps 
at  1500  V.  Lowering  the  illumination  wavelength  from  1000  nm  to  950  nm  produced  the  best  total  energy 
resolution  improvements  regardless  of  shaping  time  or  voltage  applied  with.  For  the  Redlen  crystal,  the  resolution 
was  better  at  an  illumination  of  950  nm  as  opposed  to  1000  nm  for  the  same  bias  and  shaping  time  conditions. 
Additionally,  the  amount  of  resolution  improvement  was  higher  at  950  nm  than  at  1000  nm.  Higher  biases  did  not 
always  produce  better  resolution  when  that  was  the  only  condition  parameter  that  was  changed  for  the  study  of 
this  crystal.  Table  1  also  shows  the  percent  improvement  in  resolution  with  illumination,  which  were  the  greatest 
when  the  crystal  was  illuminated  at  950  nm  as  opposed  to  1000  nm,  regardless  of  the  other  setup  parameters. 
Some  example  spectra  for  the  data  in  Table  1  are  shown  in  Fig.  2. 
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The  amount  of  energy  resolution  improvement  was  considerably  greater  at  950  nm  than  at  1000  nm  with  the 
exception  of  high  voltage  settings  (2000  V  for  the  Redlen  crystal  and  1500  V  for  the  YT  crystal,  data  for  YT  crystal 
not  shown)  when  there  was  little  effect  of  wavelength  on  resolution  improvement.  The  results  from  the  YT  testing 
differ  from  that  with  the  Redlen  crystal,  which  had  fewer  defects  than  that  of  the  YT  3-7-8.  According  to  oru  prior 
transmission  IR  measurements  with  the  two  crystals,  the  Redlen  crystal  clearly  has  a  lower  number  of  SP  relative 
to  the  YT  and  may  also  have  relatively  fewer  types  or  numbers  of  traps  that  could  be  excited  upon  illumination. 
Additionally,  the  YT  crystal  which  was  more  sensitive/responsive  to  the  light  may  have  had  more  trap  “diversity” 
that  were  excitable  with  light,  due  to  its  greater  number  of  defects  and  SP. 


When  the  bias  on  the  crystal  was  greatly  increased  (e.g.,  with  1500  and  2000  V  with  the  YT  and  Redlen  crystals, 
respectively  in  this  study),  additional  noise  degraded  the  signal  quality  in  terms  of  resolution  improvement.  The 
decrease  in  resistivity  upon  illumination  may  be  (due  to  the  freeing  of  traps  that  contribute  to  the  bulk  resistivity) 
could  provoke  the  decreased  number  of  counts  that  are  observed  on  the  ROI  for  the  662  keV  peak  of  ^^^Cs  so 
there  are  some  tradeoffs  for  the  improved  resolution. 

Our  study  also  did  not  directly  determine  the  direct  physical  processes  that  helped  improve  the  energy  resolution 
but  there  are  several  possible  explanations  for  this.  Given  previously  discussed  work  on  the  effects  of  sub- 
bandgap  light  on  the  electrical  behavior  of  biased  CZT.  The  de-trapping  of  mid-  and  deep-level  traps  which  should 
lead  to  greater  charge  collection  is  supported  by  a  slow  current  decay  after  illumination  during  current  transient 
measurements.^^  Additional  detector  development  would  be  required  to  have  the  flexibility  to  utilize  950  nm 
lighting  during  y-spectroscopy  when  resolution  is  most  important  but  have  the  option  of  working  without  the 
illumination  for  less  power  consumption  of  the  detector. 

3.  TABLE  AND  FIGURES 

Table  1.  Results  of  the  illumination  studies  with  Redlen  64039 B  crystal  with  hemispherical  contacts  and  exposure 
to  a  ^^^Cs  source. 


Light  FWHM  FWHM 

FWHM  Resolution  Resolution  Resolution  Total  resolution 


Shaping 

time  (ps) 

wave¬ 

length 

(nm) 

Voltage 

(V) 

with 

LED  off 

(keV) 

with 

LED  on 

(keV) 

Improvement 

(keV) 

with  LED 

off  (%) 

with  LED 

on  (%) 

improvement  improvement  with 

(A%)  illumination  (%) 

0.5 

950 

1500 

24.1 

16.5 

7.5 

3.7 

2.7 

1.0 

27.1 

2.0 

950 

500 

28.6 

19.4 

9.1 

4.3 

2.9 

1.4 

31.9 

0.5 

1000 

1500 

26.3 

20.6 

5.7 

4.0 

3.1 

0.9 

21.6 

2.0 

1000 

500 

27.5 

21.7 

5.9 

4.2 

3.3 

0.9 

21.3 

2.0 

1000 

750 

27.3 

21.9 

5.4 

4.1 

3.3 

0.8 

19.7 

2.0 

1000 

1000 

26.5 

22.2 

4.3 

4.0 

3.4 

0.7 

16.2 

2.0 

1000 

1500 

29.9 

24.0 

5.9 

4.5 

3.6 

0.9 

19.6 
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LED 


Optical  density  filter  on 
top  of  collimator 

Band-pass  filter 
Anode 

Cathode 

^^^Cs  source  (underneath  cathode) 


Fig.  1.  (Above)  The  general  setup  of  the  illuminated  detector 
studies  with  the  YT  3-7-8  CZT  crystal  using  hemispherical 
contact  geometry.  The  studies  with  the  YT  crystal  required 
optical  density  filters  (0.5  and  1.0).  The  distance  between  the 
^^^Cs-137  source  and  the  CZT  n/as  kept  constant  throughout 
the  study.  The  same  setup  was  used  with  the  Redlen  crystal. 

Fig.  2.  (Right)  The  ^^^Cs  with  crystal  64039B  in  hemispheric 
configuration  in  black  and  IR  (950  nm)  illumination  in  red. 
With  IR  illumination  the  energy  resolution  was  improved  from 
3.7  to  2.7% 
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Introduction  and  Experimental  Details 

It  has  been  suspected  that  contacts  historically  used  for  polycrystalline  CdTe  PV 
films/devices  may  demonstrate  reduced  functionality  when  used  with  crystalline  materials.  [1] 
One  important  historical  back  contact  is  ZnTe:Cu/Ti.  [2,3]  When  this  contact  is  used  on  bulk 
(or  thick  epitaxial)  CdTe,  a  concern  exists  that  the  CdTe  could  sink  Cu  from  the  ZnTe:Cu  - 
because  the  crystalline  CdTe  is  generally  much  thicker  than  poly  crystalline  films.  This  could 
lead  to  a  reduction  in  Cu-related  acceptor  concentration  in  the  ZnTeiCu,  thus  limiting  the 
formation  of  the  quasi-tunneling  barrier  at  the  ZnTe:Cu/Ti  interface  needed  for  low-resistance 
electrical  transport.  In  this  study,  we  apply  the  ZnTe:Cu/Ti  contacting  process  developed  at 
NREL  for  polycrystalline  CdS/CdTe  device  research  activities  [2]  to  crystalline  CdTe  surfaces. 
The  crystals  were  purchased  from  JX  Nippon  and  were  0.5-cm  x  0.5-cm  x  800-/<m  thick,  (21 1) 
oriented,  polished  on  both  sides,  and  were  either  nominally  undoped  (~2xl0''^  cm‘^,  residual  p- 
type)  or  Na-doped  to  a  concentration  of  ~5xl0‘^  cm'^  as  measured  at  NREL  by  room- 
temperature  Hall.  These  bulk  crystalline  CdTe  were  attached  to  Si  handles  to  enable 
processing  needed  for  sequential  transmission-line  method  (TLM)  analysis  of  specific  contact 
resistance  (p,,)  and  other  characterization  of  the  ZnTe:Cu/Ti  back  contact  structure.  [4] 

Results  and  Discussion 

The  processes  described  above  yielded  A-,  B-,  and  C-Type  structures  (see  Fig.  1)  that 
enabled  1-V  and  TLM  analysis  on  all  samples  in  this  set  (i.e.,  doped  and  undoped  CdTe 
substrates,  with  ZnTeiCu  layers  deposited  at  ~30°C  or  ~320°C,  as  described  in  Table  I).  Fig. 
2  shows  I-V  curves  of  Type-B  structures  indicating  conductivity  between  the  two  nearest 
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contact  pads  (25-|am  separation).  Although  all  samples  demonstrate  ohmic  behavior,  Fig.  2 
reveals  that  samples  with  ZnTe:Cu  deposited  at  ~320°C  have  lower  total  resistanee  (i.e.,  total 
resistanee  =  eombined  sheet  resistanee  [Rs]  and  pc)  than  samples  deposited  at  ~30°C.  TLM 
measurements  of  these  samples  reveal  further  that  both  the  Rs  and  pc  are  significantly  lower  for 
the  samples  formed  at  ~320°C.  Note  that  at  this  stage  in  the  analysis  (i.e.,  analysis  of  B-Type 
struetures),  the  TLM  analysis  is  primarily  probing  resistivity  of  the  ZnTeiCu  layer  and  pc  at  the 
ZnTe:Cu/Ti  interfaee  (i.e.,  not  the  ZnTe/CdTe  interface).  Although  the  TLM-indicated  Rs 
eould  be  impaeted  (i.e.,  reduced)  by  the  lower  resistance  of  the  Na-doped  CdTe  substrate,  the 
opposite  is  observed.  Specifieally,  Fig.  2  shows,  for  samples  where  the  ZnTe:Cu  is  deposited 
at  either  ~30°C  and  ~320°C,  the  samples  fabricated  with  Na-doped  CdTe  indicate  higher  total 
resistanee  than  the  undoped  samples.  Further,  Table  I  indieates  that  this  higher  total  resistanee 
is  due  to  both  higher  Rs  and  pc.  This  observation  is  still  being  considered,  but  suggests  that  the 
Na-doped  CdTe  substrate  may  impact  the  ZnTe:Cu  layer  and  related  interfaees  -  at  the 
eontacting  temperatures  used  here. 

In  eontrast  to  the  TLM  measurements  of  the  B-type  struetures,  current  flow  for  the  C-Type 
struetures  is  intended  to  oeeur  primarily  through  the  CdTe  substrate  (i.e.,  the  relatively 
eonductive  ZnTe:Cu  layer  between  the  pads  is  removed  during  the  third  eteh  step).  Fig.  3 
shows  that  the  resistanee  between  pads  is  generally  much  higher  for  the  C-Type  than  for  the  B- 
Type  structures,  and  that  many  of  the  samples  now  reveal  a  noticeable  non-linearity  in  their  1- 
V  response.  Further,  the  samples  in  Fig.  3  with  the  lowest  resistanee  between  the  pads  are  now 
the  two  samples  that  include  a  Na-doped  CdTe  substrate.  These  observations  strongly  suggest 
that  the  current  in  the  C-Type  samples  flows  primarily  through  the  bulk  CdTe  layer. 

Although  TLM  measurements  were  attempted  on  all  C-Type  samples,  only  the  sample  that 
ineluded  both  Na-doped  CdTe,  and  a  ZnTeiCu  layer  deposited  at  320°C  (Sample  #130,  Table 
I),  produeed  TLM  data  that  was  suffieiently  reliable  to  extraet  Rs  and  pc  values.  This  is  not 
unexpected  beeause  it  is  mueh  more  diffieult  to  flow  current  through  the  CdTe  for  the  two 
samples  produced  with  the  undoped  substrates.  The  resulting  TLM  analysis  (Fig.  4)  shows  the 
resulting  fit  if  data  points  1,3,  and  4  are  used  to  eompute  Rs  and  pc.  Although  these  values 
(~15K  ^2/sq  and  ~40  ^2-em  )  depend  on  which  data  points  are  ineorporated  (or  excluded)  in  the 
TLM  analysis,  in  all  cases  the  resulting  pc  would  remain  significantly  higher  than  ~1  Q-cm  that 
would  be  expeeted  to  yield  a  dominant  external  loss  for  even  a  1-Sun  PV  deviee.  [5] 
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Conclusions 


Although  this  work  should  be  viewed  as  preliminary,  initial  observations  suggest:  pc  at  the 
outer  ZnTe:Cu/Ti  interface  presently  appears  to  be  sufficiently  low  (0. 1-0.5  Q-cm  )  to 
minimize  its  effect  on  total  external  loss  of  resulting  PV  devices  operated  at  1  sun  -  as  long  as 
the  ZnTerCu  and  Ti  are  deposited  at  a  temperature  >250°C.  This  suggests  that  Cu  diffusion 
into  the  bulk  CdTe  substrate  does  not  reduce  the  Na  of  the  ZnTerCu  layer  sufficiently  to  limit 
emission  at  the  ZnTe:Cu/Ti  interface  (i.e.,  low-resistance  quantum-mechanical  tunneling  at  the 
outer  contact  remains  the  dominant  current-transport  mechanism).  Unfortunately,  the  present 
processing  conditions  appear  to  yield  a  pc  at  the  CdTe/ZnTe:Cu  interface  that  is  sufficient  to 
dominate  total  external  losses  for  any  resulting  1-sun  device  (~40  Q-cm  ).  This  result  is 
unexpected  because  the  valence-band  continuity  at  the  CdTe/ZnTe  interface  has  been  assumed 
to  yield  low  resistance  current  transport  at  this  interface.  The  related  NREL  processes  (e.g., 
the  ion-beam  mill  step)  are  presently  being  investigated  with  a  view  to  reduce  this  pc. 
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Table  1.  Results  of  TLM  analysis  for  four  samples  analyzed  in  this  study 


ID 

Structure 

CdTe  Substrate 

ZnTerCu  Temp 
(°C) 

TLM  (first  2  pts*) 

Rs  (f2/sq) 

2 

Pc  (^2-cm  ) 

127 

A-Type 

UD 

30 

50K 

2.2 

128 

A-Type 

Na 

30 

70K 

7.3 

129 

A-Type 

UD 

320 

4.6K 

0.09 

130 

A-Type 

Na 

320 

7.7K 

0.9 

127 

B-Type 

UD 

30 

63K 

1.3 

128 

B-Type 

Na 

30 

85K 

4.6 

129 

B-Type 

UD 

320 

5.4K 

0.08 

130 

B-Type 

Na 

320 

5. IK 

0.42 

127 

C-Type 

UD 

30 

- 

- 

129 

C-Type 

Na 

30 

- 

- 

129 

C-Type 

UD 

320 

- 

- 

130 

C-Type 

Na 

320 

17K 

40 

*Except  as  shown  in  Figure  4  for  Sample  130. 
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Figure  1.  (Left)  Schematic  of  samples  with  a  current-confinement  layer  indicated.  The 
dashed  arrows  show  the  sputtered  ZnTe:Cu  layer  in  B-Type  and  C-Type  samples.  Note  that 
only  three  of  the  six  pads  are  illustrated,  and  the  Si  handle  is  not  shown. 

Figure  2.  (Right)  I-V  analysis  for  all  B-Type  structures  shown  in  Fig.  1  for  current  flow 
between  the  pads  separated  by  25  /<m. 


'  voitageVoits)  '  ^  Pad  Separation  0/m) 

Figure  3.  (Left)  I-V  curves  for  C-Type  structures  (shown  in  Fig.  1)  for  current  flow  between 

the  pads  separated  by  25  /<m. 

Figure  4.  (Right)  TLM  data  for  all  pad  separations  for  the  C-Type  structure  (shown  in  Fig.  1) 

for  Na-doped  CdTe  substrate  and  ZnTe:Cu/Ti  layers  deposited  at  320°C. 
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Poly-crystalline  Cu-doped  CdTe  is  commercially  used  in  thin  film  photovoltaics  (PV). 
Despite  intense  research  and  development  of  the  cells  the  current  efficiency  20.4%  laboratory 
record  is  still  -10%  shy  of  the  theoretical  Shockley-Quisser  limit.  One  of  the  main  challenges  in 
CdTe  PVs  is  increasing  the  open-circuit  voltage  (Voc)  beyond  900  mV,  which  is  a  critical 
parameter  closely  related  to  electron-hole  recombination.  Grain  boundaries  are  believed  to  play  an 
important  role  in  decreasing  the  minority  carrier  lifetimes  by  providing  carrier  recombination 
centers  and  better  understanding  of  their  effects  on  CdTe  solar  cell  performance  is  needed. 

In  this  study,  we  systematically  analyze  ultra-high  vacuum  (UHV)  bonded  CdTe  bi-crystals 
with  pre-defined  misorientions,  which  are  intended  to  mimic  real  grain  boundaries  in  poly¬ 
crystalline  CdTe.  Atomic-scale  characterization  of  the  interfaces  is  carried  out  in  an  aberration- 
corrected  cold-field  emission  scanning  transmission  electron  microscope  (STEM)  using  high- 
angle  annular  dark  field  (HAADF)  imaging  and  atomic -column  resolved  X-ray  energy  dispersive 
spectrum  imaging  (XEDS).  The  associated  strain  fields  are  calculated  using  the  geometrical  phase 
analysis  (GPA). 

The  (100)1(100)  wafer  bonding  geometry  in  Fig  1  causes  formation  of  a  high  energy 
interface  whereby  Te  columns  are  facing  Te  columns  at  the  interface.  A  novel  triple-atom  column 
configurations  are  seen  to  be  forming  at  the  interface.  Figures  2a,b  presents  a  low-angle  tilt  grain 
boundary  with  (110)  interface  plane  which  is  composed  mainly  of  Lomer  dislocations  ~5nm  apart. 
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Figure  1:  Atomic-column  resolved  X-ray 
spectrum  image  (color  inset)  across  the 
interface  (dashed  line)  of  (100)1(100)  bi¬ 
crystal.  Triple-atom  columns  can  be  seen 
forming  at  the  interface. 


Figure  2a:  HAADF  image  (right)  of  symmetrical 
low-angle  (2°)  tilt  grain  boundary  with  (110) 
interface  plane  (dashed  line).  The  boundary  is 
composed  of  arrays  of  discrete  dislocation  cores. 
Associated  strain  fields  (GPA)  are  presented  on 
the  left. 


Figure  2b:  Majority  of  dislocations  in  the  low- 
angle  tilt  grain  boundary  above  are  made  of  pure- 
edge  sessile  Lomer  dislocations  which  have 
Burgers  vector  of  the  form  al2[-\\0\.  These  can 
be  seen  to  form  due  to  two  intersecting  extra 
{111}  planes  at  an  acute  angle.  Burgers  circuit  is 
drawn  in  the  inset. 
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Introduction 

CdTe  is  one  of  the  most  promising  photovoltaie  materials  available  for  use  in  low-eost  and 
high-effieieney  solar  eells  [1].  Also,  ternary  I-III-VI2  group  eompounds  with  ehaleopyrite  strueture 
are  widely  used  for  solar  eells.  I-III-Te2  eompounds  replaee  Cd  in  CdTe  with  group  I  and  III 
elements,  and  are  henee  expeeted  to  be  another  attraetive  eandidate  for  novel  solar  eell  materials. 
The  bandgap  of  AgGaTe2  at  room  temperature  is  around  1.3  eV  [2].  This  value  is  slightly  lower  than 
the  optimum  value  for  fabrieating  solar  eells.  Formation  of  solid  solutions  of  AgAlTe2  (Eg  =  2.2  eV 
[2])  and  AgGaTe2  is  an  approaeh  to  optimize  the  bandgap  energy.  The  growth  of  AgGaTe2  and 
AgAlTe2  and  understanding  of  the  growth  meehanism  with  respeet  to  the  substrate  surfaee  are 
inevitable  tasks  to  aehieve  high  quality  alloy  layers  of  Ag(Al,Ga)Te2.  AgGaTe2  and  AgAlTe2  layers 
were  grown  by  the  elosed  spaee  sublimation  (CSS)  method.  The  CSS  method  is  widely  used  in  the 
fabrieation  of  CdTe  thin  film  solar  eells  sinee  it  has  many  advantages  for  the  fabrieation  of  low  eost 
solar  eells  [1].  In  this  study,  the  AgGaTe2  and  the  AgAlTe2  layers  were  grown  on  sapphire  substrates 
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by  the  CSS  method,  and  the  erystallinity  and  the  stoiehiometry  of  grown  layers  were  studied.  From 


these  results,  the  growth  of  Ag(Al,Ga)Te2  was  performed,  and  the  optieal  property  was  studied  to 

eonfirm  the  solid  solution. 

Experimental 

AgGaTe2,  AgAlTe2  and  Ag(Al,Ga)Te2  layers  were  grown  on  a-  and  c-plane  sapphire  substrates. 
The  souree  temperature  was  varied  from  750  to  850  ®C.  The  souree  used  was  the  mixture  of 
powdered  AgGaTe2  and  AgAlTe2  with  various  ratios  when  the  Ag(Al,Ga)Te2  layer  was  grown.  Its 
erystallographie  properties  were  evaluated  by  X-ray  diffraetion  (XRD).  The  transmittanee  in  visible 
range  was  measured  by  a  ultra-violet  to  visible  speetrophotometry  (UV-VIS)  and  the  bandgap  of  the 
grown  layer  was  evaluated. 

Results  and  Discussions 

The  XRD  speetra  of  AgGaTe2  and  AgAlTe2  layers  grown  on  c-plane  sapphire  substrate  are 
shown  on  in  Fig.  1.  Souree  temperatures  for  the  AgGaTe2  and  the  AgAlTe2  layer  were  750  and 
800  ®C,  respeetively.  The  XRD  speetrum  of  grown  layers  eontained  peaks  originating  from  AgGaTe2 
and  AgAlTe2,  and  the  112  peak  was  the  strongest  peak  for  both  samples.  From  this,  layers  exhibited 
the  strong  preferenee  for  the  (112)  orientation.  The  optimal  souree  temperature  to  grow  AgGaTe2 
and  AgAlTe2  was  around  750  and  800  ®C,  respeetively. 

The  solid  solution  of  AgGaTe2  and  AgAlTe2  was  grown  on  c-plane  sapphire.  Figure  2  shows  a 
transmittanee  speetra  of  AgAlTe2  and  Ag(Al,Ga)Te2  layers.  The  souree  temperature  for  the 
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Ag(Al,Ga)Te2  layer  was  775  ®C.  The  weight  ratio  of  AgGaTe2:AgAlTe2  was  1:5.  As  shown  in  Fig. 


2,  there  were  rapid  deereases  in  transmittanee  value  near  absorption  edges.  Absorption  edges  of 
AgAlTe2,  and  Ag(Al,Ga)Te2  were  appeared  about  550  nm  and  600  nm,  respeetively.  The  value  of 
optieal  bandgap  at  the  room  temperature  was  evaluated  from  the  transmittanee  eurve,  and  values  were 
about  2.3  eV  and  2.0  eV,  respeetively.  From  this,  it  was  eleared  that  the  growth  of  the  solid  solution 
of  AgGaTe2  and  AgAlTe2  was  sueeessfully  aehieved.  Based  on  the  transmittanee  speetrum,  the  Ga 

mole  fraetion  was  about  30%. 


Conclusion 

AgGaTe2  and  AgAlTe2  layers  were  grown  on  c-plane  sapphire  substrate  with  varying  the  souree 
temperature.  The  optimal  eondition  to  grow  the  AgGaTe2  and  AgAlTe2  was  souree  temperature  of 
around  750  and  800  ®C,  respeetively.  And  both  layers  grown  on  c-plane  sapphire  substrates 
exhibited  the  strong  preferenee  for  the  (112)  orientation.  From  these  results,  the  growth  of  the 
Ag(Al,Ga)Te2  layer  was  performed.  It  was  eleared  that  the  solid  solution  of  AgGaTe2  and  AgAlTe2 
whieh  has  the  bandgap  value  of  about  2.0  eV  was  aehieved. 
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Fig.  1 .  XRD  9-29  scans  of  the  AgGaTe2  and  the  AgAlTe2  layers  grown  on  c-plane  sapphire. 
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Fig.  2.  Transmittance  spectra  of  the  AgGaTe2  and  the  Ag(Al,Ga)Te2  layers  grown  c-plane  sapphire 
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Abstract  —  Flexible,  superstrate  CdTe  devices  combine  the  advantages  of  a 
commercially  demonstrated,  low-cost  manufacturing  process  with  a  Imhtweight,  flexible 
form  factor.  Here,  we  present  data  on  cell  efficiencies  greater  than  lo%,  and  the  critical 
processing  changes  that  have  enabled  recent  efficiency  increases. 

The  devices  in  this  study  were  made  on  Coming®  Willow®  Glass,  which  is  a  highly 
transparent,  flexible,  hermetic,  and  dimensionally  stable  substrate  that  can  withstand  nigh 
processing  temperatures.  To  date,  we  have  produced  devices  with  several  different 
combinations  of  front  and  back  contacts  on  this  glass  and  have  found  that  it  is  compatible 
with  most  of  our  standard  processing  steps.  One  of  our  best  devices  to  date  has  a  certified 
efficiency  of  16.4“/^  and  here  we  will  discuss  the  critical  process  advancements  that 
enabled  this  high  efficiency  compared  to  our  previous  14%  baseline. 
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1.  INTRODUCTION 

The  (Cd,Mn)Te  monocrystalline  plate  is  a  good  candidate  for  X  and  gamma-ray  detector  owing  to  properly  wide 
band-gap,  good  charge  collection  efficiency  and  high  resistivity  of  (Cd,Mn)Te  crystals.  [1]  The  ability  to  grow  the 
(Cd,Mn)Te  crystals  at  relatively  low  temperatures  ensures  a  high  yield  for  manufacturing  detectors  with  good  parameters. 

The  main  aim  of  our  study  was  to  develop,  for  the  semi-insulating  (Cd,Mn)Te  monocrystalline  plates,  a  technique 
of  repeatable  making  good  electrical  contacts  and  a  technique  of  passivation  of  the  surfaces  between  electrodes.  Our 
investigations  of  the  electrical  contacts  were  focused  on  the  amorphous/nanocrystalline  contact  layers  ("ACL"  in  the  further 
text ).  The  effects  of  passivation  of  the  inter-electrode  surfaces  on  the  magnitude  of  the  surface  leakage  currents  (SLC)  were 
studied.  The  properties  of  the  metal- semiconductor  interface  as  an  electrical  contact  to  the  semiconductor  crystal  used  as  a 
radiation  detector  are  governed  by  many  phenomena  at  this  interface  like  inter-diffusion  between  metal  and  semiconductor, 
formation  of  various  chemical  species,  formation  of  defects,  and  all  these  processes  effect  the  detector's  performance  [3]. 

2.  CRYSTALS  AND  PREPARATION  OF  THE  CRYSTAL  PLATES 

The  high-quality  single  crystals  of  (Cd,Mn)Te,  doped  (for  compensation)  with  vanadium  (or  Cl,  or  In)  were  grown 
by  the  Low  Temperature  Bridgman  Method.  The  high  resistivity  was  achieved  not  only  due  to  proper  compensation  at 
growth,  but  also  by  subsequent  annealing  of  the  crystal  plates  in  the  cadmium  vapors  (this  procedure  reduces  the 
concentration  of  cadmium  vacancies,  present  in  the  as-grown  crystals.  [1]  For  the  deposition  of  the  contact  layer  -  the  crystal 
surface  has  to  be  properly  prepared.  Especially  -  excess  of  cadmium  at  the  surface  must  be  avoided,  as  Cd  quickly  becomes 
oxidized,  and  then  it  is  difficult  to  remove.  A  special  selective  etching  (described  in  details  in  [1]  ),  used  for  obtaining  the  so 
called  "epi-ready"  surfaces,  was  applied.  This  etching  creates  a  tellurium-rich  layer,  about  20A  thick.  Fig.  1  illustrates  the 
distribution  of  atoms  in  the  surface  region.  The  effects  of  choice  of  the  parameters  of  the  selective  etching  (the  time  of 
etching,  the  concentration  of  Br  in  the  solution  etc.)  on  the  quality  of  the  surface,  prepared  for  contact  deposition,  and  on  the 
properties  of  the  subsequently  made  contacts  were  studied. 

3.  AMORPHOUS  CONTACT  LAYERS 

The  contact  layers  (ACL)  were  made  by  vacuum  deposition  of  the  layers  of  heavily-doped  ZnTeiSb  or  CdTeTn  on 
the  "epi-ready"  surfaces  of  the  good-quality,  high-resistivity  (10^-10^^  Ocm)  single  crystals  of  (Cd,Mn)Te.  The  evaporation 
was  carried  out  in  the  medium-high  vacuum  of  about  1 0'^Tr. 
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The  ACL  were  eovered  by  an  evaporated  An  top  layer  for  eleetrieal  eonneetions.  The  obtained  eleetrieal  eontaets  were 
eharaeterized.  The  ACL  were  studied  with  seanning  eleetron  mieroseope  (SEM).  The  seeondary-eleetron  images  gave  the 
"look"  of  the  very  surfaee,  energy  dispersive  seanning  of  the  X-ray  lumineseenee  response  supplied  information  on  the  loeal 
atomie  eomposition  of  the  ACL,  i.e.  -  on  its  homogeneity. 

In  Fig.  3.  the  seeondary-eleetrons  images  of  the  surfaees  of  the  ACL  deposited  on  the  (Cd,Mn)Te  erystal  surfaee 
are  shown  (left-hand  side  of  the  figure).  The  thieknesses  of  the  ACL  for  Al),  A2)  and  A3)  were:  100  nm,  300  nm  and 
1000  nm  respeetively.  The  small  areas  of  the  ACL,  eontaining  speeifie  objeets  (later  identified  as  "holes"),  presented  in  the 
insets,  were  studied  by  seanning  of  the  intensity  of  the  X-ray  lumineseenee  eharaeteristie  for  the  related  elements:  Cd,  Zn,  Te 
and  Sb.  For  eaeh  of  the  three  ACL  surfaee  images  we  have  a  set  of  four  (right-hand  side  of  the  figure)  distributions  (maps)  of 
the  element  eontent.  One  ean  see  defieieney  of  Sb  and  strong  presenee  of  Cd  in  the  objeets.  As  Sb  is  eontained  in  the  ACL, 
while  Cd  is  a  eonstituent  of  the  underlying  (Cd,Mn)Te  erystal  -  the  observation  allows  us  to  interpret  the  objeets  as  holes  in 
the  ACL.  Obviously,  holes  in  the  eontaet  layer  are  detrimental  for  the  eontaet  operation  (they  spoil  the  uniformity  of  the 
deteetor).  It  was  observed  that  the  number  and  size  of  those  holes  depends  on  the  thiekness  of  the  ACL,  so  the  best  thiekness 
was  looked  for.  It  has  been  found  that  the  most  appropriate  thiekness  is  300-500  nm.  In  order  to  study  the  effeet  of  the  ACL 
thiekness  on  the  performanee  of  the  eontaet,  the  eurrent-voltage  eharaeteristies  of  the  (Cd,Mn)Te  erystal  plates  with  the  two 
ACL  eleetrodes,  were  measured  for  different  thieknesses  of  the  ACL.  On  the  same  erystal  plate  the  eleetrode  was  deposited, 
the  I-V  eharaeteristie  measured,  the  eleetrode  removed  from  the  surfaee  and  a  new  eleetrode,  of  different  ACL  thiekness,  was 
deposited,  and  so  on.  Both  ZnTe:Sb  and  CdTe:In  ACL  were  studied  as  eleetrodes.  See  Fig  3.  A  and  B.  For  the  voltages  up  to 
100  V,  all  the  eharaeteristies  for  various  ACL  thieknesses  and  for  both  ZnTe:Sb  and  CdTe:In  ACL,  turned  out  to  be  linear,  as 
it  ean  be  seen  in  Fig.  3. 

4.  SURFACE  LEAKAGE  CURRENTS  (SLC)  AND  PASSIVATION  PROCEDURES 

When  the  eurrent  flows  between  two  eleetrodes  attaehed  to  the  erystal  plate,  part  of  it  flows  along  the  surfaee 
between  eleetrodes.  Sometimes,  due  to  speeifie  eleetrieal  properties  of  the  erystal  surfaee,  this  eurrent  ean  be  large  with 
respeet  to  the  eurrent  in  the  bulk.  In  this  situation  this  eurrent,  ealled  "surfaee  leakage  eurrent"  (SLC),  ean  eompletely  distort 
operation  of  the  erystal  plate  as  a  radiation  deteetor.  SLC  should  be  evaluated  and  minimized.  To  evaluate  the  SLC,  the  I-V 
eharaeteristies  of  the  eurrent  flowing  between  eleetrodes  attaehed  to  the  erystal  plates  were  measured  with  a  "guard-ring" 
eireuit.  The  seheme  is  shown  in  Fig.  4.  For  eonneetion  I  -  the  whole  eurrent  (bulk  eurrent  plus  SLC)  flows  through  the 
ammeter.  For  eonneetion  II  -  only  the  bulk  eurrent  flows  through  the  ammeter.  SLC  is  eaught  by  the  guard  ring  and  passes 
by  the  ammeter.  The  differenee  between  the  eurrent  values  for  I  and  II  gives  the  evaluation  of  the  SLC. 

It  was  observed  that  the  SLC  are  low  for  the  (Cd,Mn)Te  surfaee  freshly  etehed  in  the  Br(9%)-CH30H  solution.  For 
example,  a  high-resistivity  (10^  flem)  (Cd,Mn)Te  plate,  with  (ZnTe:Sb)  ACL,  500  nm  thiek,  on  both  faees,  was  studied.  The 
inter-eleetrode  surfaees  were  etehed  and  the  I-V  eharaeteristies  for  the  eireuit  eonfigurations  I  and  II  (eonsult  Fig.  4.)  were 
measured  immediately  after  etehing.  The  results  are  shown  at  Fig.  5. 
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There  is  praetieally  no  differenee  between  I  (the  whole  eurrent)  and  II  (the  bulk  eurrent  only),  whieh  means  that 
SLC  was  negligible  in  this  ease.  The  situation  ehanged  with  time.  Beeause  of  some  kind  of  degradation  of  the  inter-eleetrode 
surfaee,  the  SLC  inereased.  Chemieal  treatments  of  the  inter-eleetrode  surfaees  were  studied  as  methods  of  persistent 
diminishing  of  the  SLC.  Before  those  treatments  the  eleetrodes  were  proteeted  by  a  layer  of  Apiezon  W.  Mainly  (NH4)2S 
{Ammonium  sulfide)  was  used  as  the  solution  for  the  final  passivation  of  the  (Cd,Mn)Te  surfaee.  Appropriate  preparation  of 
the  surfaee  before  the  final  passivation  turned  out  to  be  erueial  and  various  ehemieals  were  tested.  Fig.  6.  presents  the 
influenee  of  time  on  the  eurrent  voltage  eharaeteristies  of  a  (Cd,Mn)Te  plate  with  two  ACL  eleetrodes  deposited  after 
passivation.  The  sample  was  first  etehed  (30  see.)  in  Br(l%)-CH30H,  then  etehed  (6  min.)  in  (NH4)2S.  The  eharaeteristies 
were  measured:  immediately  after  ehemieal  treatment,  after  10  days,  and  after  30  days. 

5.  FIGURES 
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Fig.  1.  Spatial  distribution  of  atoms,  obtained  by  SIMS,  near 
the  surfaee  of  a  (Cd,Mn)Te  erystal  plate  after  etehing.  A  layer 
with  exeess  of  tellurium  exists  near  the  surfaee.  [3] 


Fig.  2.  The  surfaees  of  the  amorphous  ZnTe:Sb 
eontaet  layers,  deposited  on  the  (Cd,Mn)Te  erystal 
surfaee,  for  the  three  different  thieknesses  of  the 
layer:  100,  300  and  1000  nanometers.  Investigations 
by  SEM.  Left  hand  side  images  -  the  seeondary- 
eleetron  images.  The  insets  show  magnified  pietures 
of  the  seleeted  small  objeets  on  the  surfaee.  Right- 
hand  side  images  -  distributions  of  the  four  elements 
-  Sb,  Cd,  Zn  and  Te,  obtained  by  seanning  of  the 
intensity  of  the  eharaeteristie  X-ray  lumineseenee  in 
the  regions  of  the  objeets.  Deseription  in  the  text. 
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Fig.  3A.  I-V  characteristic  of  a  high-resistivity  (Cd,Mn)Te  erystal 
plate  with  the  CdTeiln  ACL  as  the  eleetrodes,  for  the  ACL 
thieknesses  30,  300  and  1000  nm. 


Fig.  3B.  I-V  eharaeteristie  of  a  high-resistivity  (Cd,Mn)Te 
erystal  plate  with  the  ZnTe:Sb  ACL  as  the  eleetrodes,  for  the 
ACL  thieknesses  100,  500  and  1000  nm. 
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Fig.  4.  Seheme  of  the  measuring  system  for  evaluation  of  the 
SLC.  (The  erosseetion  of  the  sample,  perpendieular  to  the 
eleetrode  surfaees  is  shown).  On  the  right  hand  side  -  the  "guard¬ 
ring"  eonfiguration  of  the  bottom  eleetrodes  is  depieted.  d  = 
8.8  mm,  x  =  1  mm. 
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Fig.  5.  The  I-V  eharaeteristies  for  a  high-resistivity  (Cd,Mn)Te  plate 
with  (ZnTe:Sb)  ACL  on  both  sides.  The  two  eurves  eorrespond  to 
the  eireuit  eonfigurations  I  and  II  (eonsult  Fig.  4.  ).  The  inter- 
eleetrode  surfaees  were  freshly  etehed  in  the  Br(9%)-CH30H 
solution. 


Fig.  6.  The  I-V  eharaeteristies  of  a  (Cd,Mn)Te  plate  with  two 
ACL  eleetrodes:  immediately  after  ehemieal  treatment,  after  10 
days,  and  after  30  days. 
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Radiation  detectors  with  high  gamma-ray  energy  resolution,  linear  energy  response  and  the 
capability  of  room  temperature  operation  are  highly  desirable  for  many  applications  such  as 
medical  diagnostics,  homeland  security,  counter-terrorism  inspections,  as  well  as  non-or  counter¬ 
proliferation  detection.  State-of-the-art,  room  temperature,  high  resolution  x-ray  and  gamma-ray 
detectors  are  usually  based  on  CdZnTe  semiconductors.  The  structural  and  electronic  properties 
of  CdZnTe  surfaces,  especially  surface/contact  metal  interfaces,  have  a  significant  impact  on 
radiation  detector  performance,  such  as  leakage  current,  signal  to  noise  ratios  and  energy 
resolution,  particularly  for  relatively  soft  x-ray  photons  and  large  pixilated  arrays.  The  choices  of 
contact  material  and  deposition  technique  determine  the  electronic  properties  to  a  large  extent. 
We  present  a  detailed  study  on  the  structural  and  electronic  properties,  hence  detector 
performance,  of  various  metal  contacts  deposited  by  sputtering  on  chemically  polished  (CP) 
CdZnTe  surfaces  of  about  1  nm  roughness.  X-ray  photoemission  spectroscopy  results  indicate 
that  contacts  deposited  on  CP-fmished  CdZnTe  surfaces  are  oxide-free  and  no  atomic 
intermixing  is  observed.  High  resolution  scanning  transmission  electron  micrographs  show  a 
smooth  and  defect-free  interface.  I-V  measurements  show  either  ohmic  or  rectifying  behaviour 
depending  on  the  contact  metal.  Energy  resolution  measurements  of  fabricated  detectors  will  also 
be  presented. 

Keywords:  CdZnTe,  radiation  detector,  polishing,  leakage  current,  contacts,  sputtering, 
interface,  barrier. 


43 


44 
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Abstract 

In  this  paper,  we  compare  the  results  of  using  two  chemicals  to  chemo-mechanically  polish  cadmium  zinc 
telluride  (CdZnTe)  wafers  after  mechanical  polishing.  The  chemicals  studied  in  this  experiment  include 
1)  bromine-methanol-ethylene  glycol  (BME)  solution  and  2)  hydrogen  bromide  in  hydrogen  peroxide  and 
ethylene  glycol  (HBr  -i-  H2O2  +  C2H6O2)  solution.  Current-voltage  measurements  show  that  the  HBr- 
based  solution  produced  lower  leakage  current  compared  to  the  BME  solution.  However,  spectral 
response  results  for  the  59.5-keV  peak  of  Am-241  gave  7.5%  EWHM  for  both  chemical  solutions.  X-ray 
photoelectron  spectroscopy  (XPS)  indicates  that  the  tellurium  oxide  peaks  Te3d5/202  and  Te3d3/202  were 
reduced  significantly  by  the  BME  solution  compared  to  the  HBr-based  solution. 

Introduction 

Major  sources  of  electronic  noise  that  degrade  the  energy  resolution  in  semiconductor  x-ray  and  gamma- 
ray  detectors  include  surface  and  bulk  leakage  currents. While  bulk  leakage  current  depends  on  the 
crystal  quality,  the  surface  leakage  current  is  mainly  caused  by  surface  roughness,  dangling  bonds,  and 
the  nonstoichiometric  surface,  formed  during  cutting  of  detector  wafers  from  the  as-grown  crystal  ingots. 
These  fabrication-induced  defects  are  often  reduced  through  surface  polishing  and  etching  processes. 
This  experimental  work  compares  the  effects  of  using  two  chemicals  to  chemo-mechanically  polish 
cadmium  zinc  telluride  (CdZnTe)  wafers  after  mechanical  polishing.  The  chemical  are  1)  bromine- 
methanol-ethylene  glycol  (BME)  solution  and  2)  hydrogen  bromide  in  hydrogen  peroxide  and  ethylene 
glycol  (HBr  +  H2O2  +  C2H6O2)  solution. 
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Experiment 

Three  samples  of  sizes  6.4  x  6.4  x  2.8  mm^  were  sliced  from  a  detector-grade  CZT  wafer  grown  by  the 
Bridgman  method.  All  three  samples,  Al,  A2  and  A3,  were  mechanically  polished  with  800-grit  and 
1200-grit  silicon  carbide  abrasive  papers,  followed  by  polishing  in  3.0  and  0.9  micron  alumina  powder 
(AI2O3).  Samples  A2  and  A3  were  further  polished  chemo -mechanically  using  1)  bromine-methanol- 
ethylene  glycol  (BME)  solution  and  2)  hydrogen  bromide  in  hydrogen  peroxide  and  ethylene  glycol  (HBr 
-I-  H2O2  +  C2H6O2)  solution,  respectively.  Sample  Al  was  kept  as  a  control. 

X-ray  photoelectron  spectroscopy  (XPS)  experiment  was  conducted  using  a  RHK  Technology 
UHV  7500  system  in  an  ultrahigh-vacuum  setup  at  pressure  below  8  x  10-10  Pa  to  scan  for  peaks  of 
cadmium  (Cd),  tellurium  (Te)  and  tellurium  oxide  (Te02)  on  the  surfaces  of  the  samples.  Current- voltage 
measurement  were  made  after  the  deposition  of  electrical  contacts  using  a  5%  gold  chloride  (AuCls) 
solution  on  the  center  of  the  two  opposite  planar  surfaces  of  each  CZT  wafer.  Spectral  responses  of  the 
three  samples  were  measured  for  Am-241  at  an  applied  voltage  of  200  V. 

Results 

The  resistivity  of  each  of  the  CZT  samples  is  of  the  order  of  10^^  Q-cm.  As  shown  in  Figure  1,  the 
hydrogen  bromide -based  solution  produced  lower  leakage  current  compared  to  the  BME  solution.  The 
spectral  responses  of  the  three  samples  for  the  59.5-keV  peak  of  Am-241,  shown  in  Figure  2,  do  not 
indicate  any  significant  changes  to  the  spectral  performance.  The  spectral  response  for  each  sample  gave 
7.5%  FWHM  for  the  59.5-keV  peak  of  Am-241. 

As  for  the  surface  chemistry,  the  XPS  results  shown  in  Figures  3  revealed  prominent  Cd3d5/2  and 
Cd3d3/2  peaks  at  405  eV  and  409  eV,  respectively,  corresponding  with  the  elemental  peak  of  cadmium. 
The  Cd  peaks  remained  fairly  stable  for  the  three  samples,  thus  indicating  no  significant  changes  on  the 
Cd  peaks  by  each  of  the  chemo -mechanical  polishing  solutions.  The  native  oxide  on  the  mechanically 
polished  sample,  shown  by  the  tellurium  oxide  peaks  Te3d5/202  and  Te3d3/202  in  Figure  4,  was  reduced 
significantly  by  chemo-mechanical  polishing  in  BME  solution  compared  to  the  HBr-based  solution. 
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Figure  1.  Current- voltage  measurements  for  the  three  CZT  samples. 
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Figure  2.  Am-241  spectral  responses  of  CZT  for  the  three  polishing  processes. 
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Figure  4.  XPS  spectra  showing  the  TeOx  peaks. 
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Abstract:  Observations,  by  IR  microscopy,  of  the  tellurium  inclusions  in  the  (Ccl,Mn)Te  and 
(Cd,Mn)(Te,Se)  crystals,  and  resistivity  mapping,  are  described.  Both  as-grown  and  annealed 
crystals  were  studied. 

Keywords:  defects,  inclusions,  annealing,  (Cd,Mn)Te. 

1.  Introdution 

The  (Cd,Mn)Te  and  (Cd,Mn)(Te,Se)  belong  to  the  family  of  CdTe  based  compounds. 
These  materials  are  considered  as  a  base  for  X  and  gamma  ray  detector  devices  [1].  For  such 
applications  a  material  with  high  resistivity  and  low  concentration  of  native  defects  like  second 
phase  inclusions  (Te  inclusions)  is  necessary  [2].  Post  growth  annealing  is  one  of  common 
methods  used  for  increase  of  the  resistivity  and  minimization  of  the  number  of  inclusions. 

2.  Experimental  procedure  and  results 

The  (Cd,Mn)Te  and  (Cd,Mn)(Te,Se)  crystals  grown  by  the  Low  Pressure  Bridgman 
method  were  investigated.  The  growth  at  high  temperatures  and  the  shape  of  the  phase- 
diagrams  of  these  compounds  favour  formation  of  the  second-phase  inclusions  during  the 
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growth  process.  The  Te  inclusions  in  the  CdTe-based  materials  have  polyhedral  shape. 
Increased  density  of  such  defects  is  observed  at  grain  and  twin  boundaries,  as  it  is  shown  in 
Fig.  1  and  2  (secondary  electron  images  from  a  scanning  electron  microscope).  We  are  going  to 
present  influence  of  different  annealing  conditions  on  the  inclusions  in  the  crystals  and  on  the 
resistivity. 

Two  kinds  of  procedures  were  applied  to  the  crystals  after  growth:  1)  -  thermal  relaxation 
of  the  entire  ingot  at  high  temperature  in  vacuum,  and  2)  -  annealing  of  the  samples  cut  from  the 
ingot  in  the  saturated  Cd  vapours.  We  studied  a  few  series  of  samples  (as  grown,  relaxed  only, 
annealed  only,  and  both  relaxed  and  annealed).  The  investigations  were  made  by  IR 
transmission  microscopy  and  by  measurements  of  the  material  resistivity  maps  (by  contactless 
TDCM  method  [4]).  The  results  were  compared.  Par  example  Fig.  3  and  4  allow  us  to  compare 
the  density  and  size  of  Te  inclusions  in  the  (Cd,Mn)Te:CI  samples,  as-grown  and  annealed 
respectively. 

The  paper  will  present  comparison  of  the  results  obtained  for  the  two  different  materials  - 
(Cd,Mn)Te  and  (Cd,Mn)(Te,Se).  Before  subsequent  procedures,  i.e.-  as-grown,  these  materials 
contain  a  lot  of  native  defects  (such  as  cadmium  vacancies  and  tellurium  inclusions)  typical  for 
this  family  of  compounds,  and  the  resistivity  is  in  the  range  10'^-10®  Qcm.  It  has  been  observed 
that:  1)  Thermal  relaxation  results  in  the  decrease  of  size  and  concentration  of  the  inclusions, 
more  homogenous  resistivity,  and  a  few  times  higher  value  of  the  resistivity.  2)  Annealing  in  Cd 
vapours  at  proper  conditions  (time  and  temperature)  results  in  the  increase  of  the  resistivity  by 
about  2-3  orders  of  magnitude  (up  to  10®Qcm),  and  in  the  further  diminishing  of  the  size  and 
concentration  of  the  Te  inclusions  (Fig.  4). 
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3.  Figures 


Figure  1  SEM  image  of  Te  inciusion  in 
(Cd,Mn)Te  crystal [5]. 


Figure  3  IR  image  of  (Cd,Mn)Te  as-grown 
sample  with  resistivity  above  1(f  {2cm. 


Figure  2  SEM  image  of  Te  inclusion  at  a  twin 
boundary  [5]. 


Figure  4  IR  image  of  (Cd,Mn)Te  sample  after 
annealing  in  Cd  vapours  at  uniform  temperature. 
Annealing  of  the  sample  results  in  the  increase  of 
resistivity. 
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1.  INTRODUCTION 

CdMnTe  (CMT)  has  reeently  attraeted  inereasing  interest,  sinee  it  is  eonsidered  a  promising  material 
for  fabrieating  high  performanee  room-temperature  X-ray  and  gamma-ray  deteetors.^'^  Compared  with 
CdZnTe  (CZT),  a  eurrent  leading  material  in  sueh  applieations,  CMT  offers  several  distinet  advantages 
that  make  it  a  good  eandidate  in  this  field.  First,  the  segregation  eoeffieient  of  Mn  in  CdTe  is  nearly  unity 
in  eontrast  to  1.35  for  Zn  in  CdTe.  This  differenee  aeeounts  for  a  more  uniform  distribution  of  Mn  in 
CdTe,  eompared  to  the  relatively  high  variation  of  Zn  eoneentration  in  CdZnTe.  This  would  inerease  the 
yield  of  suitable  erystals  for  deteetors,  and  help  to  reduee  the  eosts  of  produeing  large-area  deteetor 
arrays.  Another  signifieant  advantage  of  CMT  erystals  is  their  greater  tunability  of  the  band-gap  due  to 
the  large  eompositional  infiuenee  of  Mn,  i.e.,  adding  Mn  inereases  the  room-temperature  band  gap  at  a 
rate  of  13  meV/[at%  Mn]  in  eontrast  to  6.7  meV/[at%  Zn]  after  the  addition  of  Zn  to  CdTe.  Most  of  the 
erystal  growth  attempts  for  CMT  have  been  aeeomplished  with  various  Bridgman  methods.  In  Bridgman- 
grown  CMT  erystals,  a  eommon  phenomenon  is  the  presenee  of  a  high  density  of  Te  inelusions.  High 
densities  of  Te  inelusions  ean  entail  signifieant  fiuetuations  in  the  total  eolleeted  eharge  by  trapping  free 
eharge-earriers  generated  by  ineident  radiation,  thereby  strongly  degrading  the  energy  resolution  of  thiek 
deteetors.  As  a  result,  it  is  important  to  explore  new  growth  approaehes  to  improve  the  erystal  quality  of 
CMT.  In  this  work,  we  used  the  modified  floating  zone  (MFZ)  teehnique  to  grow  CMT  erystals.  To  our 
knowledge,  this  is  the  first  attempt  to  grow  CMT  erystals  using  the  floating-zone  method.  The  detailed 
struetural,  eleetrieal  and  optieal  properties  of  MFZ-grown  CMT  erystals  were  investigated,  and  they  were 
eompared  with  those  grown  by  Bridgman  methods  as  well.  In  partieular,  we  demonstrate  that  the  MFZ 
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technique  can  be  used  to  produce  CMT  crystals  free  of  Te  inclusions.  A  large  temperature  gradient  across 
the  growth  interface  could  play  a  crucial  role  during  the  corresponding  growth  process. 

2.  RESULTS  AND  DISCUSSION 

Figure  1  (a)  shows  the  morphology  of  a  representative  MFZ-grown  CMT  wafer.  The  wafer  consists 
of  one  large-size  grain,  one  small  grain  starting  from  the  wafer  edge,  and  two  tiny  grains  embedded  inside 
the  large  grain.  It  is  noteworthy  that  many  twins  prevail  within  the  majority  of  the  crystals.  For 
comparison.  Figure  1  (b)  exhibits  the  IR  transmission  image  of  the  same  wafer.  Clearly  one  can  see  that 
the  single  crystalline  portions  of  MFZ-grown  CMT  are  totally  free  of  Te  inclusions.  Furthermore,  there 
are  no  Te  inclusions  decorating  either  grain  boundaries  or  twin  boundaries,  although  both  provide 
energetically-favorable  sites  for  the  formation  of  inclusions.  We  noted  several  tiny  dark  areas  exist  at  the 
edge  of  the  wafer,  which  could  originate  from  the  excess  Te  of  the  starting  materials.  The  absence  of  Te 
inclusions  in  MFZ-grown  CMT  crystals  offers  a  distinct  feature  not  seen  in  CMT  ingots  grown  by  the 
Bridgman  method.  In  the  latter,  it  was  commonly  observed  that  a  high  density  of  Te  inclusions  is  formed 
in  as-grown  crystals,  especially  along  grain  or  twin  boundaries.  These  inclusions  can  distort  the  local 
internal  electric  field  in  CMT  detectors,  entail  significant  fluctuations  in  the  total  charge-collection  by 
trapping  free  charge-carriers  and  therefore,  seriously  deteriorate  the  performance  of  radiation  detectors. 
A  concave  growth  interface  of  CMT  material  can  result  in  the  trapping  of  Te-rich  liquid  droplets  as  a 
consequence  of  morphological  instability,  and  therefore,  a  high  density  of  Te  inclusions  may  be  formed 
during  the  following  cool-down  period.  This  is  considered  as  the  main  origin  of  large-size  Te  inclusions 
in  as-grown  CMT  and  CZT  crystals.  The  shape  of  the  melt/crystal  growth  interface  is  closely  related  to 
the  convection  behavior  in  the  melt  zone.  In  our  MFZ-growth  process,  the  optical  heating  by  halogen 
lamps  forms  a  narrow  melting  zone  within  the  feed  rod,  where  the  temperature  gradient  at  the  interface 
between  the  liquid  and  the  solid  is  very  high,  much  larger  than  that  of  Bridgman  growth.  In  this  case, 
thermo-capillary  convection  dominates  over  natural  convection  of  the  melt  zone,  which  tends  to  increase 
the  convexity  of  the  melt/crystal  growth  interface.  In  fact,  it  has  been  recognized  that  a  convex  or  flat 
growth  interface  offers  a  unique  advantage  in  terms  of  producing  larger  crystals  and  preventing  the 
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trapping  of  Te-rich  droplets  during  the  growth.  The  rotation  of  the  feed  rod/erystal  applied  in  our  erystal 
growth  also  helps  to  promote  the  shape  of  the  growth  interfaee  towards  ‘flat’  in  addition  to  making  the 
heating  more  uniform. 

We  measured  the  low-temperature  (4.2  K)  photolumineseenee  speetrum  of  the  MFZ-grown  CMT 
erystal,  as  illustrated  in  Figure  2.  The  speetrum  eonsists  of  three  regions:  I:  near-band-edge  region;  II: 
donor-aeeeptor  pair  (DAP)  reeombination  region;  and  III:  defeet-related  region  assoeiated  with  some 
impurity-eomplex  energy  levels  (Dcompiex)  and  extended  defeet  levels.  The  two  peaks  at  1.659  eV  and 
1.645  eV  are  aseribed  to  the  neutral  donor-bound  exeiton  (D^,X)  transition  and  the  neutral  aeeeptor-bound 
exeiton  (A^,X)  transition  separately.  A  peak  from  the  donor-aeeeptor  pair  (DAP)  reeombination  at  1.596 
eV  and  its  phonon  repliea  at  1.575  eV  ean  be  elearly  distinguished.  In  the  defeet-related  region  III,  the 
feature  peak  at  1.482  eV  originates  from  the  A  eenter,  a  eation-Cd  vaeaney  eomplex.  Another  peak  at 
1.5562  eV  most  probably  is  due  to  an  (eA^)  emission,  i.e.,  a  reeombination  of  free  eleetrons  on  the 
aeeeptor.  We  also  observed  the  so-ealled  Y  band  at  1.467  eV,  whieh  is  related  to  disloeations.  The  peak  at 
1 .445  eV,  on  the  lower  energy  shoulder  of  the  Y  band,  is  the  eorresponding  phonon-repliea.  It  should  be 
noted  that  the  intensity  of  the  Y  band  is  mueh  higher  than  that  of  the  exeiton  peaks,  indieating  that  the 
erystalline  quality  is  deteriorated  by  the  high  stress  field  in  as-grown  CMT.  A  long-term  in-situ  or  post¬ 
growth  thermal  annealing  phase  will  probably  help  to  release  sueh  type  of  stress  to  improve  erystalline 
quality. 
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Figure  1  Morphology  of  a  representative  MFZ-grown  CMT  wafer  (The  diameter  of  the  wafer  is  19  mm). 


(a)  Polarized  light  microscopy  image;  (b)  Infrared  (IR)  transmission  image. 
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Figure  2  Representative  photoluminescence  (PL)  spectrum  of  a  MFZ-grown  CMT  crystal.  The  PL 
spectrum  was  measured  at  4.2  K. 
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Without  compromising  any  crystal  properties,  we  are  now  produeing  the  6  inch 
CdZnTe  ingots  routinely.  The  erystal  properties  of  the  6  ineh  CdZnTe  is  identieal  to 
that  of  the  5  inch  crystal.  Thanks  to  the  development  of  the  quality  CdZnTe  ingots, 
high  performance  astronomical  immersion  gratings  have  been  developed  by  one  of 
the  Japanese  science  teams  [1-4].  To  expand  our  scope,  we  have  started  the  CZT 
production  for  the  radiation  detectors.  We  will  show  some  spectra  using  the  Pt-Pt  or 
Pt-In  contacts. 

1.  Introduction 

CdZnTe  crystals  have  been  mainly  used  for  the  IR  detectors.  The  IR  deteetor 
market  needs  large  size  single  erystal  substrates  with  the  high  quality  properties.  In 
order  to  meet  their  needs,  we  have  developed  the  6  ineh  single  erystals.  On  the  other 
hand,  CdZnTe  crystals  are  also  used  for  the  radiation  detectors.  Unlike  the  IR 
market,  the  larger  size  substrates,  are  not  required,  however,  new  applications  such 
as  X-ray  FPD,  X-ray  CT  would  need  the  larger  size  substrates  than  ever  with  the 
higher  quality  of  defect  density.  The  CdZnTe  crystals  are  also  used  for  the  other 
applications  such  as  immersion  gratings.  Electro-optical  modulator  module  for  C02 
laser  and  solar  cells.  In  the  present  paper,  we  report  on  our  recent  developments  of 
CdZnTe 

2.  6  inch  CdZnTe  growth 

6  inch  CdZnTe  crystals  were  grown  by  VGF  method  with  a  Cd  reservoir  in  the 
lower  part  of  the  VGF  flimaee  for  controlling  the  Cd  pressure,  thereby  minimizing 
stoichiometric  defects  (precipitates).  Figure  1  shows  the  typieal  example  of  the  6 
inch  CdZnTe  after  grinding.  The  maximum  sized  substrates  with  95mm  x  95mm 
were  obtained  as  shown  in  Fig.  2.  Some  important  erystal  properties  such  as  Zn 
distributions,  precipitates,  EPD,  FWHM  and  carrier  eoncentrations  were 
investigated  and  no  remarkable  differences  between  the  5  ineh  and  the  6  ineh 
crystals  were  found.  Fig.  3  shows  the  typical  example  of  the  Zn  distributions  of  the 
6  inch  CdZnTe. 

3.  CdZnTe  for  the  radiation  detectors 

4.5-5  inch  CdZnTe  crystals  were  grown  by  VGF  method  to  get  the  high  resistivity 


27 


materials  for  the  radiation  detector  applications  with  In  doping.  Pt  -Pt  contacts  were 


Fig.  1.  6  inch  CdZnTe 


Approx.95mm 


I00"0  150 '9»2002'»  “0  no  2M250260  r' 

Fig.  2.  95mm  x  95mm  Single  CdZnTe  wafer 


used  for  the  spectra  evaluations.  In  doped  CdTe  and  Cl  doped  CdTe  crystals  were 
also  grown  to  check  the  difference  of  radiation  properties  between  the  CdZnTe 
crystals  and  the  CdTe  crystals.  These  crystals  were  grown  under  the  Cd  reservoir 
controlling  and  we  have  confirmed  that  the  high  resistivity  CdZnTe  crystals  with 
the  smaller  precipitates  can  be  grown  by  optimizing  the  several  steps  annealing 
methods.  Figure  4  shows  the  typical  examples  of  the  spectra  with  the  Pt-Pt  contacts. 
The  present  results  suggest  the  uniformity  of  the  spectra  and  the  PC  channels  are 
very  uniform.  We  also  confirmed  that  no  polarization  was  seen  for  the  In-Pt 
contacted  In  doped  CdTe  and  the  In  doped  CdZnTe.  The  spectra  of  In  doped  CdTe 
were  improved  by  using  the  In-Pt  contact. 
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Fig.  3.  Zn  concentration  distribution  of 
95mm  x  95mm  wafer  taken  from  a  6  inch  ingot. 
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4.  Other  applications 
4-1.  Immersion  gratings 

We  have  grown  the  5  inch  CdZnTe  crystals  for  the  immersion  grating  for  high- 
resolution  spectroscopy  in  the  mid-infrared  (MIR).  Sukegawa  et  al.  [2]  and  Ikeda 
et.al  [3]  have  developed  the  CdZnTe  immersion  grating  for  space-home  application. 
This  application  requires  large  sized  CdZnTe  ingots  with  high  quality  crystal 
properties;  especially  the  transmittance  is  extremely  important  [1].  As  we 
previously  confirmed  that  higher  resistivity  materials  have  better  IR  transmittance, 
we  prepared  the  5  inch  CdZnTe  with  higher  resistivity  for  their  applications. 
Samgaku  et  al.  [4]  have  measured  the  IR  transmittance  accurately. 

4-2.  Solar  cells 

We  sometimes  grow  the  4.5-5  inch  CdTe  crystals  for  the  solar  cell  studies.  J.  N. 
Duenow  et  al.  have  shown  [5]  the  studies  of  Single-crystal  CdTe  solar  cells  with 
Voc  greater  than  900mV.  In  order  to  study  the  CdTe  solar  cell  properties,  many  of 
our  customers  are  now  using  the  Na  doped  CdTe.  As  shown  by  Deunow  et.al,  the 
Na  concentration  measured  by  ICP  is  much  higher  than  that  of  the  carrier 
concentration  by  Hall  measurements.  Previously,  we  had  found  that  the  Na 
concentration  can  be  reduced  by  stopping  the  crystal  growth  at  the  half  solidified 
position.  We  think  that  it  would  be  related  to  the  redistribution  speed  of  Na  in 
CdZnTe. 


29 


We  are  also  studying  the  correlation  between  the  polycrystalline  properties  and  the 
solar  cells  properties  with  Kisarazu  National  College  of  Technology  [6]. 


5.  Conclusion 

This  paper  presents  our  recent  developments  of  CdZnTe  and  CdTe  crystals  for  the 
various  applications,  such  as  IR  detectors,  Radiation  detectors.  Immersion  gratings 
and  the  Solar  cells.  The  recent  studies  have  shown  that  the  crystal  quality, 
especially  the  uniformity  of  crystal  properties  in  such  large  size  ingots  will  be  very 
important. 
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ABSTRACT 

Infrared  focal  plane  arrays  (IRFPA)  based  on  HgCdTe  semiconductor  alloys  have 
been  shown  to  be  ideal  for  tactical  and  strategic  applications.  High  density  (>1M  pixel), 
high  operability  HgCdTe  detectors  on  large  area,  low-cost  composite  substrates  such  as 
CdTe  buffered  Si  or  GaAs,  '  are  envisioned  for  next-generation  (IRFPAs).  Thermal 
expansion  mismatch  is  among  various  material  parameters  that  govern  the  structural 
properties  of  the  final  detector  layer.  It  was  previously  shown  that  the  thermal  expansion 
mismatch  plays  the  dominant  role  in  the  residual  stress  characteristics  of  the 
heteroepitaxial  structure.*  The  wafer  curvature  (bowing)  that  can  result  from  this  stress, 
may  cause  problems  for  subsequent  processing.  This  includes  pixel-disregistery  during 
the  mating  of  large-area  HgCdTe/CdTe/Si  detector  wafers  to  large  area  read-out  wafers. 

In  this  work,  we  demonstrate  the  monitoring  of  dynamic  curvature  and  stress 
during  molecular  beam  epitaxy  (MBE),  of  CdTe  on  Si  and  GaAs  substrates.  The  effect 
of  temperature  changes  on  wafer  curvature  throughout  a  growth  sequence  is  documented 
using  a  multi-optical  sensor  tool  developed  by  K-Space  Associates,  Inc.  Figure  I,  shows 
dynamic  curvature  data  during  the  periodic  annealing  of  CdTe/Si  in  a  typical  growth  run. 
Both  obvious  and  subtle  changes  in  the  curvature  profile  can  be  understood  through  the 
framework  of  lattice  and  thermal  stress.  The  oscillations  are  the  result  of  compressive 
stress  (negative  curvature),  and  tensile  stress  (positive  curvature)  exerted  on  the  film 
during  heating  and  cooling,  respectively.  The  overall  decreasing  curvature  is  interpreted 
to  be  the  result  of  residual  lattice  mismatch  induced  stress.  This  interpretation  is 
supported  by  the  gradual  compressive  stress  observed  for  a  separate  CdTe/Si  growth 
without  periodic  annealing  (dashed  line  in  figure  1).  This  monitoring  technique  makes 
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possible,  the  study  of  growth  sequences  which  employ  annealing  schemes  and/or 
interlayers  to  influence  the  final  residual  stress  state  of  the  heteroepitaxial  structures. 


0123456789  10 

Time{hrs) 


Figure  1:  Curvature  profiles  observed  for  typical  MBE  CdTe/Si  growth  runs  with  periodic 
annealing  (solid  line),  and  without  periodic  annealing  (dashed  line). 


1.  R.N.  Jacobs,  J.  Markunas,  J.  Pellegrino,  L.A.  Almeida,  M.  Groenert,  M.  Jaime- 
Vasquez,  N.  Mahadik,  C.  Andrews,  S.B.  Qadri,  J.  Cryst.  Growth.  310,  2960  (2008). 

2.  C.M.  Lennon,  L.A.  Almeida,  R.N.  Jacobs,  J.K.  Markunas,  P.J.  Smith,  J.  Arias,  A.E 
Brown,  J.  Pellegrino.  J.  Electron.  Mater.,  41,  2965  (2012). 

3.  L.A.  Almeida,  L.  Hirsch,  M.  Martinka,  P.R.  Boyd,  and  J.H.  Dinan,  J.  Electron. 
Mater.  30,  608  (2001). 


26 


ANALYSIS  OF  DEFECT  SIZE  IN  HgCdTe  GROWN  BY  MBE 

K.  R.  Olsson*,  M.  F.  Vilela,  M.  Reddy,  and  D.  D.  Lofgreen 
Raytheon  Vision  Systems,  75  Coromar  Drive,  B2/8,  Goleta,  CA  93117. 
*kurt_olsson@raytheon.com 


INTRODUCTION 

One  of  the  primary  performance  limiters  in  HgCdTe-based  infrared  detectors  is  the  formation 
of  defects  during  the  growth  process.  In  HgCdTe  layers  grown  by  molecular  beam  epitaxy 
(MBE),  the  majority  of  material  defects  are  a  result  of  imperfections  in  the  substrate  surface  or 
deviations  from  optimum  growth  conditions.  Understanding  the  formation  mechanism  of  these 
defects  is  crucial  to  reducing  their  density  and  increasing  device  operability. 

The  preferred  method  for  analysis  of  HgCdTe  defects  is  microscopy;  surface  images  via  an 
optical  microscope  or  scanning  electron  microscope  (SEM)  show  the  shape  of  a  defect,  and  SEM 
cross-sectional  images  using  focused  ion  beam  (FIB)  milling  can  reveal  the  origin  of  the  defect 
in  the  film  or  at  the  substrate.'  Unfortunately,  these  methods  are  time  consuming  and  can  be 
destructive  to  the  grown  layers,  a  major  drawback  in  a  production  environment.  Full  wafer  defect 
mapping  can  quickly  provide  the  precise  location  and  size  (expressed  as  diameter)  of  all  defects 
that  can  be  resolved  with  the  microscope.  By  analyzing  statistical  trends  in  the  defect  sizes  found 
on  a  wafer,  defect  formation  mechanisms  can  be  identified  without  using  microscopy. 


EXPERIMENTAL  RESULTS 

At  Raytheon  Vision  Systems  (RVS),  full  wafer  defect  mapping  is  done  with  the  NSX  105 
defect  inspection  tool  from  August  Technology.  A  custom  software  tool  is  then  used  to  create 
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wafer  maps  and  analyze  defect  counts  by  binning  the  defects  by  size  (Figure  1).  The  defect 
density  histogram  can  then  be  examined  to  determine  which  size  defects  are  most  common  on 
the  surface.  Defects  are  customarily  identified  as  either  macro  voids,  defects  larger  than  lOpm  in 
diameter  and  a  result  of  Hg-deficient  growth  conditions,  or  microvoids,  defects  smaller  than 
lOpm  in  diameter  and  a  result  of  Hg-rich  growth  conditions  or  substrate  precipitates.  It  is 
hypothesized  that  under  optimum  growth  conditions,  the  large  majority  of  defects  will  be 
microvoids  which  initiate  at  the  substrate  and  increase  in  size  uniformly  during  material  growth, 
leading  to  a  large  population  of  defects  of  the  same  size.  To  test  this  hypothesis,  a  subset  of 
wafers  grown  under  near-optimum  growth  conditions  on  a  5-inch  Riber  Epineat  (System  A)  and 
a  10-inch  VG  Semicon  VI 00  (System  B)  were  selected  for  study.  These  wafers  met  two  criteria: 
they  met  the  qualifying  defect  specifications,  and  showed  a  Gaussian  defect  distribution  with  a 
strong  peak,  reflecting  a  large  number  of  uniformly  sized  defects.  A  strong  correlation  between 
layer  thickness  and  average  defect  size  is  shown  in  Figure  2,  demonstrating  that  these  defects  are 
initiated  at  the  substrate. 


CONCLUSION 

With  a  baseline  for  growth  under  optimal  conditions  established,  this  paper  will  examine 
several  wafers  with  wafer  maps  and  defect  density  histograms  that  do  not  follow  a  Gaussian 
defect  distribution.  Defect  patterns  will  be  studied  both  with  the  defect  analysis  tool  and  with 
SEM  to  confirm  that  both  methods  can  identify  the  formation  mechanism  of  the  defect.  This 
method  of  defect  analysis  is  a  fast  and  powerful  means  of  determining  the  source  of  defects  and 
the  appropriate  growth  decision  to  minimize  them. 
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False  Color  Defect  Map  (p,m) 


X  direction  (mm) 


Defect  Size  (p,m) 


Figure  1.  (a)  Map  of  defect  location  and  size  and  (b)  defect  histogram  sorting  defects  by 
diameter 


Figure  2.  Micro  void  defect  size  as  a  function  of  layer  thickness  for  wafers  grown  on  Systems  A 
and  B. 


23 


REFERENCES 


[1]  M.  Reddy,  J.  Wilde,  J.M.  Peterson,  D.D.  Lofgreen,  S.M.  Johnson,  J.  Electron.  Mater.  41, 
2957  (2012). 

[2]  D.D.  Lofgreen,  M.F.  Vilela,  E.P.  Smith,  M.D.  Newton,  D.  Beard,  S.M.  Johnson,  J.  Electron. 
Mater.  36,  958  (2007). 


24 


Distribution  Statement  A: 

Approved  for  public  release:  distribution  is  unlimited. 

CdZnTe  Substrate  Preparation  for  MBE  HgCdTe  Deposition 

J.  D.  Benson,  L.  O.  Bubulac,  P.  J.  Smith,  R.  N.  Jacobs,  J.  K.  Markunas,  M.  Jaime- 
Vasquez,  L.  A.  Almeida,  A.  Stoltz,  P.  S.  Wijewamasuriya*,  B.  VanMil*,  G.  Brill*,  Y. 

Chen*, 

U.  S.  Army  RDECOM,  CERDEC  Night  Vision  and  Electronic  Sensors  Directorate 

*U.  S.  Army  Research  Laboratory 

The  highest  sensitivity,  lowest  dark  current  HgCdTe  infrared  focal  plane  arrays 
(IRFPAs)  are  currently  produced  on  CdZnTe  substrates.  A  yield  limiting  factor  in  MBE 
HgCdTe/CdZnTe  detector  fabrication  is  the  presence  of  macro-defects.'  Two  categories 
of  HgCdTe  epilayer  macro-defects  have  recently  been  associated  with  defects  originating 
from  the  (1 12)B  CdZnTe  substrate  surface.  Cross-sectional  transmission  electron 
microscopy  (TEM)  analysis  traced  micro-void  defects  to  pits  on  the  surface  of  the  (1 12)B 
CdZnTe  substrate.  Additional  cross-sectional  TEM  analysis  traced  morphological 
defects  to  raised  protrusions  on  the  surface  of  the  (1 12)B  CdZnTe  substrate.  From  both 
TEM  analyses,  the  defective  area  was  confined  to  a  small  region  surrounding  the  CdZnTe 
pit/protrusion  and  the  HgCdTe  epilayer  micro-void/morphological  defect. 

An  MBE  preparation/clean-up  etch  of  the  CdZnTe  substrate  is  required  before 
epitaxial  deposition  of  HgCdTe.  The  MBE  preparation  etch  is  used  to  remove  ~  2-10  pm 
of  CdZnTe  from  the  surface.  The  MBE  preparation  etch  reduces  the  native  oxide  and 
removes  residual  organic  contamination."''^  The  MBE  preparation  etch  is  also  required  to 
remove  surface  and  near-surface  damage  induced  to  the  CdZnTe  crystal  during  wafer 
production.  The  standard  MBE  preparation/clean-up  etch  technique  is:  solvent  soak,  Br: 
methanol  etch,  solvent  soak,  N2  blow  dry,  and  mounting  to  a  wafer  holder."'  After  the 
MBE  preparation  etch,  pits  and  raised  protrusions  are  observed  on  the  CdZnTe  (112)B 
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surface.  The  combined  density  of  pits/bumps  is  ~3xl0  cm'  .  Pit/bump  formation  has 
been  associated  with  MBE  preparation  etching  of  Te  precipitate  ‘strings’  in  the  near 
surface  region  of  the  (1 12)B  CdZnTe  substrate  as  shown  in  figures  1-3.^ 

In  the  current  state-of-the-art  HgCdTe  detector  there  is  no  buffer  layer  between  the 
HgCdTe  epilayer  and  the  CdZnTe  substrate.  This  makes  the  starting  CdZnTe  as-received 
surface  and  substrate  preparation  extremely  critical  for  high  performance  detector 
fabrication.  The  objective  of  this  research  is  two-fold:  1)  analyze  the  initial  ‘out  of  the 
box’  wafers  for  surface  contamination  and  defects,  2)  mitigate  the  formation  of 
pits/protrusions  in  the  CdZnTe  substrate  by  investigating/altering  the  MBE  preparation 
etch  chemistry.  The  minimization  of  pits/protrusions  and  the  impurity  contamination 
surrounding  these  defects  in  CdZnTe  substrates  should  lead  to  a  reduction  in  mico-voids 
and  morphological  defects  in  MBE  HgCdTe/CdZnTe,  which  should  in  turn  increase  FPA 
operability. 


16 


Nomarski  Microscopy  Image 

100  pm 


#1 


#3 


IR  Microscopy  Image  ^00  pm 


Figure  1.  Distinctive  large  bump  cluster  near  the  center  of  a  2x3  cm  CdZnTe  wafer  after 
MBE  preparation  etch.  Nomarski  phase  contrast,  near  IR,  and  dark  field  microscopy 
images  of  the  distinctive  bump  cluster  showing  Te  precipitate  ‘strings’  associated  with 
pits/bumps. 
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Figure  2.  Nomarski  phase  contrast  of  the  distinctive  bump  cluster  and  AFM  images  of 
some  of  the  bumps  and  pits. 


Figure  3.  High  resolution  AFM  images  of  the  pit  and  a  Te  precipitate  exposed  during  the 
MBE  preparation  etching. 
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Abstract 

Large-formatj  low-costj  reliable  and  high-performance  IR  focal  plane  arrays 
(IRFPA)  are  essential  for  the  Army^s  3'''^  generation  IR  imaging  technology. 
Current  state-of-the-art  IRFPAs  are  fabricated  using  FIgCdTe.  Bulk-grown 
Cd0,96Zn..0.04Te  (CZT)  substrates  are  the  natural  choice  for  FIgCdTe  epitaxy^ 
since  CZT  is  lattice  matched  to  the  LW-FIgCdTe.  Floweverj  the  lack  of  large- 
area  CZT  substrates,  their  high  production  costs,  and  more  importantly,  the 
difference  in  thermal  expansion  coefficients  between  CZT  substrates  and  Si 
readout  integrated  circuits  (ROIC)  are  some  of  the  inherent  drawbacks  of  CZT 
substrates  for  3'’'*  generation  applications.  Developments  in  molecular  beam 
epitaxy  (MBE)  chalcogenide  buffer  layer  growth  technology  on  Si  substrates 
have  opened  up  new  FIgCdTe  research  and  have  offered  a  new  dimension  to 
FIgCdTe-based  IR  technology.  Si  substrates  provide  advantages  in  terms  of 
their  relatively  large  area  (3-  to  8-inch  diameter  is  easily  obtained) 
compared  to  CZT  substrate  materials,  durability  during  processing,  and 
reliability  during  thermal  cycling. 

In  this  paper,  x-ray  topography  and  rocking-curve  of  full-width  at  half¬ 
maximum  (FWFIM)  data  will  be  presented  for  two  different  MBE  grown  FIgCdTe 
epilayers  that  were  grown  on  high-quality  bulk  CdZnTe  (211)  and  CdTe/Si  (211) 
substrates.  Fligh  resolution  x-ray  diffraction  (FIRXRD)  rocking  curves  were 
measured  on  both  FIgCdTe  and  its  substrates  using  a  Rigaku  high-resolution 
diffractometer  with  an  18-kW  rotating-anode  Cu  source.  A  monochromator 
consists  of  two  Ge(110)  channel  cut  crystals  is  used  to  collimate  only  Cu  Kai 
x-rays.  X-ray  rocking  curves  were  measured  for  (422)  and  (311)  reflections 
and  the  lattice  parameters  were  determined  from  20/(d  scans.  FIgCdTe  on  ZnCdTe 
substrate  showed  significantly  less  FWFIM  values  compared  to  FIgCdTe  grown  on 
CdTe/Si  substrate.  The  FWFIM  values  of  FIgCdTe  (422)  for  ZnCdTe  (211)  and 
CdTe(211)/Si  (211)  substrates  were  determined  to  be  33  and  189  arc-secs, 
respectively. 

X-ray  topographic  images  were  also  taken  by  using  a  double-crystal  topography 
setup  using  Cu  Kai  radiation.  In  this  system,  the  distance  between  the  source 
and  the  sample  was  kept  at  roughly  1  m  for  allowing  high-resolution 
measurements  with  minimal  vertical  angular  divergence.  The  slit  on  the  source 
side  of  the  setup  was  set  to  an  optimum  size  for  further  cutting  down  of 
vertical  angular  divergence.  The  monochromator  consists  of  an  asymmetrically 
cut  Si(lll)  crystal.  The  samples  are  mounted  on  a  manually  adjustable  four- 
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circle  goniometer.  During  topographic  imaging  X-rays  diffracted  from  the 
sample  are  collected  by  high-resolution  film  held  in  a  film  cassette  on  the 
detector  side.  Each  sample  was  exposed  to  the  X-ray  radiation  for  more  than  5 
hours  with  the  source  set  at  30  kV  and  120  mA. 

Figure  1(a)  shows  the  x-ray  topographs  of  HgCdTe  on  CdZnTe  substrate  taken 
from  (211)  reflection.  Cross-hatch  patterns  were  observed  in  three  directions 
possibly  due  to  growth  conditions  characterized  by  excessive  Hg  flux 
(Martinkaj  et  al.j  2001).  X-ray  topograph  of  HgCdTe  on  CdTe  substrate  taken 
from  (211)  reflection  is  shown  in  Figure  1(b).  In  this  topograph  cross-hatch 
patterns  were  observed  only  in  two  directions.  The  out-of -plane  lattice 
constants  of  HgCdTe  on  CdZnTe  and  CdTe/Si  substrates  were  calculated  as 
6.4669  A  and  6.4686  A,  respectively. 


Figure  1.  X-ray  topographs  of  HgCdTe  on  CdZnTe  (a)  and  CdTe  (b)  substrates  taken  from  (211) 
refleetion 

Reference 

Martinka,  L.A.,  Almeida,  J.D.  Benson,  J.D.  and  Dinan,  J.H.  (2001)  J.  Eleetronic  Materials,  30,  6, 
632-636. 
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Abstract 

2014  U.S.  Workshop  on  the  Physics  and  Chemistry  of  ll-VI  Materials 

State  of  the  Art  HgCdTe  at  Raytheon  Vision  Systems 

C.  Fulk,  W.  Radford,  D.  Buell,  J.  Bangs,  K.  Rybnicek 

Raytheon  Vision  Systems,  75  Coromar  Drive,  Goleta,  CA 

HgCdTe  continues  to  be  the  first  choice  for  high  performance  infrared  imaging  and  sensing.  We 
examine  and  compare  a  range  of  detectors  in  a  variety  of  formats,  fabricated  at  RVS  over  the 
past  14  years.  This  includes  single  and  dual  color  detector  arrays  with  HgCdTe  materials  grown 
by  liquid  phase  epitaxy  (LPE)  on  CdZnTe  and  molecular  beam  epitaxy  (MBE)on  both  silicon  and 
CdZnTe  substrates. 


This  study  analyzed  more  than  165,000  current-voltage  measurements  of  dark  current  densities 
from  Test  Structure  Assemblies  (TSAs)  included  on  every  detector  wafer  fabricated  at  RVS.  Data 
spans  25  orders  of  magnitude  for  cutoff  wavelengths  from  1.7  pm  to  8  pm  and  operating 
temperatures  from  40  K  to  300  K.  A  basis  is  derived  for  a  simple  manufacturing  trend  model  to 
compare  each  technology  over  a  wide  range  of  cutoffs  and  temperatures.  This  model  uses  a 
function  similar  to  W.  Tennant's  Rule'07  but  includes  a  generation  recombination  (GR)  term  for 
diodes  which  are  not  diffusion  limited.  Dark  current  densities  below  the  test  set  limit  are 
extrapolated  assuming  GR  limited  performance.  The  model  assumptions  are  tested  using  SCA 
median  dark  current  density  values  at  the  same  inverse  cutoff-temperature  products.  This 
extends  the  model  predictive  values  ~10-15  orders  of  magnitude  below  the  test  set  limit. 


The  large  data  set  allows  for  probabilistic  determination  of  array  manufacturability  and 
prediction  of  yield  given  a  set  of  performance  and  operating  requirements.  SCA  details  such  as 
dark  current,  QE,  and  noise  distributions,  are  also  illustrated  in  selected  cases  to  further 
highlight  each  technology's  advantages  and  disadvantages. 
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Figure  1:  ~165000  dark  current  density  measurements  are  taken  versus  temperature  to  determine  dark  current  density 
distribution  as  a  function  of  the  inverse  temperature-cutoff  product.  LPE  HgCdTe/CdZnTe  on  the  left,  MBE  HgCdTe/Si  on  the 
right. 
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Sub-wavelength  photonie  stmeture  to  add  spectral  capabilities  to  MWIR  and 
LWIR  HgCdTe  photodiode. 

F.  Boulard,  O.  Gravrand,  D.  Fowler,  G.  Badano,  P.  Ballet,  M.  Duperron,  S.  Boutami,  and  R. 
Espiau  de  Lamaestre 

*tel :  +33  4  38  78  22  70,  fax:  +33  4  38  78  51  67,  e-mail :  francois.boulard@cea.fr 
Univ.  Grenoble  Alpes,  F-38000  Grenoble,  France 
CEA,  LETI,  Minatec  Campus,  F-38054  Grenoble,  France 


Key  words:  HgCdTe,  MWIR,  LWIR,  photonic  structure,  IRFPA 


In  this  paper,  we  present  simulation  and  experimental  results  on  design  and  integration  of  sub-wavelength 
photonic  stmeture  to  add  spectral  functionalities  to  MWIR  and  LWIR  HgCdTe  photodiode.  The  relationship 
between  metallic  grating’s  design  and  optical  excited  mode  is  illustrated  by  numerical  simulations.  The 
agreement  with  spectral  response  and  dispersion  relation  measurement  on  test  photodiode  array  is  discussed. 
Finally,  first  results  on  small  format  MWIR  IRFPA  are  presented  with  operability  as  high  as  99.7%. 


a 


Figure  1  :  Normalized  spectral  response  of  MWIR 
HgCdTe  photodiode  test  array 
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Comparison  of  HgCdTe  and  InAsSb  Photon-Trapping  Structures  for 

Broadband  Infrared  Detection 

J.  Schuster  and  E.  Bellotti 

ECE  Department,  Boston  University,  8  Saint  Mary’s  Street,  Boston,  MA  02215 
Contact  information:  emailjs382@bu.edu 

HgCdTe  and  InAsSb  focal  plane  arrays  are  normally  backside  illuminated  where  the  incident  light  is 
absorbed  through  the  transparent  substrate  on  which  the  detector  array  is  grown.  Such  conventional  detectors 
suffer  from  significant  reflection  losses  at  the  air/semiconductor  interfaces.  Consequently,  an  anti-reflection 
(AR)  coating  is  incorporated  to  reduce  these  losses.  Unfortunately,  it  is  very  difficult  to  engineer  an  AR 
coating  that  works  effectively  over  a  wide  spectral  range,  that  is  one  that  offers  nearly  zero  reflectance  and 
consequently  100%  external  QE,  assuming  unity  internal  QE.  Additionally,  an  AR  coating  can  introduce 
stress  into  a  detector  limiting  its  interoperability  or  lifespan.  An  alternate  approach  is  to  instead  remove 
the  substrate  and  etch  a  photon-tapping  (PT)  structure  directly  into  the  detector  absorber  layer  (AL).  When 
properly  engineered,  the  PT  structure  will  significantly  reduce  reflection  losses,  negating  the  need  for  an  AR 
coating  [1,2].  Eurthermore,  by  removing  device  volume,  the  detector  dark  current  is  potentially  lowered, 
allowing  higher  operating  temperatures  to  be  achieved.  However,  this  technique  exposes  the  narrow  gap 
AL  mandating  that  the  surface  be  properly  passivated  to  reduce  surface  recombination  current  and  maintain 
high  device  performance. 

In  this  paper  we  will  perform  a  detailed  comparison  of  various  PT  structures,  including  pillars,  pyra¬ 
mids  and  holes  based  on  two  separate  detector  architectures:  HgCdTe  P-on-n  photodiodes  [1,3]  (see  Pig.  1 
left)  and  InAsSb  nBn  detectors  [4]  (see  Pig.  1  right).  In  the  analysis  we  will  assess  the  performance  of 
the  PT  structures  by  computing  the  reflectance  (see  Pig.  2),  quantum  efficiency  and  crosstalk  of  these  struc¬ 
tures.  To  simulate  the  performance  of  these  devices  we  first  solve  the  electromagnetic  problem  using  the 
finite-difference  time-domain  method  (PDTD)  which  yields  the  optical  generation  rate  in  the  pillars.  We 
incorporate  this  optical  generation  rate  into  the  finite  element  method  (PEM)  to  perform  the  drift-diffusion 
analysis  by  simultaneously  solving  the  carrier  continuity  and  Poisson  equations  on  a  three-dimensional  finite 
element  grid.  A  detailed  description  of  the  modeling  techniques  is  outlines  in  [5]. 

This  work  has  been  partially  supported  by  the  U.S.  Army  Research  Laboratory  through  the  Collabora¬ 
tive  Research  Alliance  (CRA)  for  MultiScale  multidisciplinary  Modeling  of  Electronic  materials  (MSME). 
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Figure  1:  Left:  Geometrical  representation  of  HgCdTe  photodiode  array  incorporating  a  periodic  lattice  of  pillars. 
Right:  Geometrical  representation  of  InAsSb  nBn  array  incorporating  a  periodic  lattice  of  pyramids. 


Figure  2:  Left:  Calculated  reflectance  spectra  for  Fig.  1  (left)  with  lattice  periods  (pillar  base  diameter)  ranging  from 
2  —  4  jim  (flgure  coutesry  of  Dr.  Craig  Keasler  [1]).  Right:  Calculated  reflectance  spectra  for  Fig.  1  (right)  with  lattice 
periods  (pyramid  base  length)  ranging  from  1—4  /im. 
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Mid-Wave  and  Long-Wave  Infrared  cut-off  wavelengths  HgCdTe  FPA  based  on 
P  on  N  technology  at  Sofradir  and  DEFIR  :  HOT  and  small  pitch  developments 

Alexandre  Kerlain  (a),  Florent  Rochette  (b),  Laurent  Rubaldo  (a),  Nicolas  Pere- 
Laperne  (a),  LoVc  Dargent  (a),  Christine  Cassillo  (a),  Rachid  Taalat  (a)  Laurent 

Mollard  (b) 

SOFRADIR,  Avenue  de  la  Vauve  -  CS20018  91127  PALAISEAU,  France 
(b)  Univ.  Grenoble  Alpes,  CEA,  LETI,  MINATEC  campus, 

F-38054  Grenoble,  France 

Abstract  :  In  this  paper  we  report  recent  results  on  P  on  N  HgCdTe  developed  at 
SOFRADIR  and  DEFIR  laboratory  focusing  on  HOT  applications  and  pitch  size 
reduction. 

Keywords:  MWIR,  LWIR,  HgCdTe,  P  on  N 

1.  INTRODUCTION 

Today  IR  technologies  are  facing  two  main  challenges:  increasing  operating 
temperature  (for  SWAP  applications^)  and  reducing  the  pixel  pitch^. 

Increasing  operating  temperature: 

Sofradir  legacy  technology  is  based  on  planar  N/P  photodiode  with  Vhq  P  doped  LPE 
HgCdTe,  it  has  demonstrated  its  ultimate  performances  in  term  of  operating 
temperature^.  In  order  to  respond  to  high  operating  temperature  (HOT)  challenges, 
extrinsic  planar  technology  using  Indium  N-type  doped  LPE  with  As  P+  implantation 
has  been  developed  in  the  DEFIR  joint  laboratory  (CEA-LETI  /  SOFRADIR).  This 
technology  is  now  currently  in  production  in  Sofradir  for  LWIR  band  (640x512  15um 
pitch).  Up  to  11  OK  operation  has  been  demonstrated  for  Xc  =  9pm@80K.  MWIR 
band  using  this  technology  has  demonstrated  performances  up  to  150K  at  FI2\  Red 
band  {Xc  =  5.2  pm)  has  been  first  developed.  Thanks  to  HgCdTe  tunable  bandgap 
capability,  there  is  a  real  interest  in  going  into  the  blue  band  {Xc  =  4.2  pm).  A 
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significant  reduction  in  dark  current  (Idark)  compensates  the  signal  loss'^.  We  present 
in  this  paper  first  results  in  dark  current  comparing  blue  and  red  bands  in  HgCdTe. 
Pixel  pitch  reduction: 

Sofradir  has  recently  demonstrated  10um  pitch  FPA  up  to  11  OK  using  legacy 
technology^.  We  present  here  recent  development  within  DEFIR  Laboratory, 
concerning  small  pitches  in  planar  P  on  N  technologies  in  MWIR  and  LWIR  bands. 

2.  HgCdTe  HOT  technologies 

In  the  case  of  diffusion  limited  dark  current  with  significantly  high  lifetime  (i.e. 
diffusion  length  >  thickness  of  the  absorbing  layer)  the  expression  of  dark  current  can 
be  expressed  as  Jsat=q.nj^.e/(ND.Tau)  (eq  1)  with  ni~exp(-Eg(T)/kT)  (eq  2). 

In  the  case  of  Auger  1  lifetime  limited  diffusion  current,  to  minimize  the  dark  current, 
the  designer  must  choose  a  relatively  low  doping  level  (closed  to  1.10^^  cm'^  or  less) 
and  expect  a  Auger  1  lifetime  of  few  ps.  Lower  doping  may  be  more  difficult  to  control 
and  performances  may  be  limited  in  fine  by  SRH  lifetime. 

Teledyne  P  on  N  DLPH  structure  has  a  doping  concentration  from  mid  10^"^  cm‘^  to 
1.10^^  cm"^  associated  with  a  thickness  equal  to  the  cut-off  wavelength.  Best  diodes 
results  are  corresponding  to  rule07  behavior®. 

N  on  P  extrinsic  technology  can  theoretically  have  the  same  dark  current  with  higher 
Nd.  As  underlined  in  recent  papers  Rule07  is  still  today  the  reference  in  terms  of  best 
IR  detectors  Idark  performances  even  with  extrinsic  n/p  technologies®. 

The  P  on  N  technology  at  Sofradir  is  based  on  Indium  N-type  doped  HgCdTe  LPE  on 
CZT  substrate.  P+  planar  diodes  are  made  by  Arsenic  implantation.  Indium  doping 
concentration  varies  from  1  to  5.10^®  at/cm^.  Figure  1  shows  Idark  results  obtained  on 
5.2pm@80K  and  4.2pm@80K  15pm  pitch  FPAs.  Dark  current  is  compared  with  a 
diffusion  limited  modeling  (equation  1)  and  Rule07.  We  show  that  dark  current  follows 
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diffusion  trend  with  lifetime  compatible  with  Auger  process  (Tau  >  2ps  with  Nd>1.10^^ 
at/cm^)  for  both  bands. 

3.  P  ON  N  TECHNOLOGY  PITCH  REDUCTION 

Defir  is  the  joint  laboratory  between  CEA-LETI  and  SOFRADIR.  One  of  the  aim  of  the 
laboratory  is  to  optimize  p-on-n  photodiodes.  Pitch  reduction  is  a  real  challenge  in 
terms  of  performances  and  process®.  In  order  to  evaluate  our  planar  p-on-n 
technology  for  pitches  smaller  than  15pm,  we  have  fabricated  and  characterized 
small  arrays  of  detectors  with  pitches  from  15pm  to  5pm  both  in  MWIR  (cutoff 
wavelength  of  5.3pm  at  80K)  and  LWIR  (cutoff  wavelength  of  9pm  at  80K).  Dark 
current  in  LWIR  band  were  measured  and  compared  to  rule07. 

Figure  2  shows  l(V)  characteristics  for  confined  diodes  in  LWIR  band  from  15pm 
down  to  5pm  pixel  pitch  under  photonic  flux.  The  reduction  in  photonic  current 
corresponds  to  the  pitch  reduction,  a  similar  BTB  tunneling  behavior  is  observed  with 
no  pitch  dependence. 

Figure  3  compares  measurements  with  Rule07,  there  is  no  departure  from  Auger 
compatible  diffusion  trend  down  to  8pm  pitch  diodes.  Diodes  with  pixel  pitch  lower 
than  8pm  have  not  been  measured  here.  These  results  show  the  good  behavior  of 
our  technology  to  the  small  pixel  pitches  with  diffusion  limited  currents  on  Rule07 
down  to  70K. 

4.  FIGURES 
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.■  Dark  current  density  in  MWIR  bands  (red  and  blue)  compared  to  RuleOT 

Figure  2  :  pitch  reduction  in  the  LWIR  band  with  P 
on  N  technology  at  DEFIR 
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Figure  3  :  Dark  current  density  in  LWIR  band  for 
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Invited  Paper:  Advances  in  M/L  Dual-Color  Focal-Plane  Technology 


D.  Lofgreen,  W.  Radford,  C.  Rabkin 
Raytheon  Vision  Systems,  Goleta,  CA,  USA 


As  3rd  Generation  dual-color  focal  plane  arrays  (FPAs)  mature  into  production,  there  is  a  continued  push 
to  drive  cost  down.  Yield  improvements,  yield  stabilization,  and  wafer  size  help  to  drive  down  the  cost 
of  the  FPA.  One  must  be  mindful  when  scaling  wafer  size  to  maintain  current  yields  and  look  for 
opportunities  to  stabilize  them  given  the  reality  that  wafer  volume  may  decrease  as  wafer  size 
increases.  In  this  invited  talk,  we  will  discuss  the  yield  limitations  and  the  recent  results  of  scaling  dual¬ 
color  technology  to  larger  substrates.  Molecular  beam  epitaxy  (MBE)  yield  will  be  shown  as  it  pertains  to 
uniformity  challenges  while  scaling  substrate  size.  Processing  challenges  as  well  as  FPA  test  results  will 
be  discussed  as  well. 
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